pne FiLE COPY

DOT/FAA/CT-87/13 KRASH Parametric Sensitivity
 dentc Ciy Amport Study — Transport Category
: N.J. 08405 Alrplanes
1 o~
| D)

.
. m

o0

P

™

Q Gil Wittlin

< Bill LaBarge

Prepared by
Lockheed-California Company
Burbank, California

December 1987

NP

This document is available to the U.S. public
through the National Technical Information
. Service, Springfield, Virginia 22161

(A

U.S. Department of Transportation
Faderal Aviation Administration

DISTRIBUTION S" }" '!‘IJ'/LFNf

Jupbscnsd o e Bl "«mqfn, 88 2 2 07 9
famtor, Y G e !

E
¥ '
¥ &I A R R T T A N S BT S ST ;'mm&?’mﬁ? 1k

= = i = TR L T TR




a5

NOTICE

This document is disseminated under the sponsorship of
the Department of Transportation in the interest of
information exchange. The United States Govermment
assumes no liability for the contents or use thereof.

2 ooy

-

The United States Government does not endorse products

or manufacturers. Trade or manufacturer's names appear
herein solely because they are considered essential to

the object of this report.

YEXI AL,

!




1. Report No, 2. Government Accession No. 3. Recipient’s Catalog No.

DOT /FAA/CT~87 /13

4. Title and Subtitle 5. Report Date

KRASH PARAMETRIC SENSITIVITY STUDY- December 1987

TRANSPORT CATEGORY AIRPLANES 6. Performing Organization Code

1. Author(s) 8. Performing Oryiution Report No. -

LR=31114

G. Wittlin, W. L. LaBarge
10. Work Unit No,

9, Performing Organization Name and Address

Lockheed-California Company 1 11. Contract or Grant No.
Burbank, CA, 91520 : DTFAQ03-84-C-00004

3T ot Report and Period Covered
FINAL

12, ing Agency N «d Add
S it dniansiivialiotoin o Oct. 1985 - June 1986

U.S. Department of Transportation
Federal Aviation Administration, Technical Center
Atlantic City International Airport, NJ 08405

‘| 14, Sponsoring Agency Code
ACT-330

15. Supplementary Notes

PR Bt

16. Abstract

This report describes a study subsequent to the CID pref~test and CID correlation
presented previously in DOT/FAA]CT—BS/Q and DOT/FAA/CT-86/13, respectiively. KRASH
models are used to perform parameter sensitivity studies.™ Analyses are performed for
air-to-ground, ground-to-ground, and longitudinal-only impacts. The results are
presented in the form of triangular pulses with definitions of the peak amplitude, base
time duration and pulse change of velocity. The analytically obtained data are
intcegrated with the full-scale aircraft and section test data to formulate crash design

velocity envelopes. The results of the study are used to suggest seat dynamic test

conditions, Kep}w ord gl N

The study results are summarized and major data areas are reviewed. Additional

requirements are defined,

.,/

17. Key Words (Suggested by Author(s)) 18, Distribution Statement
KRASH, ckash dynamics, GID, veloctty This document is available to the U.S.
envelepe, »dynunic pulse, design criterla, public through the National Technical
transport category airplanesy,-analysis, Information Services, Springfield,
correlation. S Va. 22161

) .

19, Security Clagﬁ. (uf this report) 20. Security Classif. (of this page) 21, No. of Pages 22, Price’

UNCLASSIFIED UNCLASSIFIED 155

N -

A * For sale by the National Technical Information Service, Springficid, Virginia 22161 (A

LD TR

—— s
el




FUSEESRAL FLa TR B T POl R PO IR PR -Paik T T =2 I B BT WAL W N 1D Ol T G SN W S - S SR AP S T e, e T e -~ ——— 3

FOREWORD

This report was prepared by the Lockheed-California Company under
Contract DTFA03-84-C~00004. This report contains a description of the effort
- -performed as part of Task Order No. 6 and covers the period from October 1985
to June 1986, The work was administered under the direction of L. Neri,
Technical Monitor, Federal Aviation Administration.

The program leader and principal investigator was Gil Wittlin of the
Lockheed—California Company. Bill LaBarge provided KRASH analysis support.
The Lockheed effort was performed in the Flutter and Dynamics Department.

\

)

VAT
mQOPLCTE.D

2

Accession For g
b e e et

NTIS GRAXI ﬁ
DTIC TAR 0
Unanncunced .

Juagtdtteatd oo ]

t — S

By.
Distributton/

-
| Avalintility (o7es
[‘” D Avedl aedjor
iDtst | 3Spicial

iii

%
.t—_
|
;
:
EE
:
;
:

~

' —
1
—_—
{




R s Ay A A T AR B WA B N IS P Y S B 3 W AL © WL S 5 WY ¢ WY S e et M TR s mmre e — = - — . o o o

TABLE OF CONTENTS

Section Page
EXECUTIVE SUMMARY xi
1.0 INTRODUCTION 1-1
2.0 POST-CORRELATION STUDIES 2-1
2,1 ' SUMMARY OF CID CORRELATION STUDIES 2=1
2,2 POST-CID CORRELATION MODEL REFINEMENTS 2-12
3.0 PARAMETRIC SENSITIVITY INVESTIGATION 3-1
3.1 VERTICAL PULSE S ) 3-1
3.1.1 Air-to-Ground, Gears Retracted 32
3.1.2 Air-to-Ground, Gears Extended 3-29
3.1.3 Comparison with Previous Air-to-Ground Analysis 3-33
3.2 COMBINED LONGITUDINAL-VERTICAL PULSE 3=42
3.2.1 Ground-to~Ground Analysis 3-43
3.2.2 Full-Scale Test Data 3-70
3.3 LONGITUDINAL PULSE 3~74
3.3.1 Specimen Test Data 3-82
3.3.2 Analyses Data 3-90 a
3.4 EFFECT OF BULKHEAD CRUSHING VARIATION 3-99 '
4,0 CRASH DESIGN VELOCITY ENVELOPE 4-1
5.0 SUMMARY OF RESULTS 5-1
6.0 CONCLUSIONS 6-1
REFERENCES ' R-1

APPERDIX - DISTRIBUTION LIST

S LA S A KT O, SR T D IO A P Ly

i <
i \\
] -~
“
§ ~~
i
Bl Be o i o bW PN NN SF




LIST OF FIGURES

Figure Page ;

- ¢

1-1 FAA Crash Dynamics Engineering and Development Program 1-2 ﬁf

1-2 CID KRASH Stick Model 1-3 :
1-3 Expanded CID KRASH Model 1-3

I 14 Outline of Methodology Approach ' T 1-4 S
) 1-5 Parametric Sensitivity Analyses Program Flow Diagram 1-6
2-1 Comparison of Post-test CID KRASH Analysis and Test 2-2

Results for Fuselage Impact N

2-2 Symmetrical Versus Unsymmetrical Impact at 17.3 Ft/sec 2-4 . o

‘S Sink Speed, 1 Degree Nose-up Attitude with Engines On ;

2-3 Stick Model Versus Expanded Model Results for a Symmetrical 2=-5 f

Impact at 17 Ft/Sec, 1 Degree Nose-up Attitude

2~4 Triangular Shaped Vertical Acceleration Responses 2-6
from Analyses and Test; Peak Magnitude Versus Base Duration,
Passenger Region FS460-1400

2~5 CID Test Results, Engine and Fuselage Impacts 2=-7 _
2-6 Comparison of KRASH Analysis and CID Airplane '
Test Wing Bending 2-9 ¥
2~7 KRASH Analysis Wing Shear Distribut.on 2-9 ;
2-8 KRASH Analysis Wing Bending Distribution for Symmetrical 2-11 1
Impact; 17.3 Ft/Sec Sink Speed, +1 Degree Pitch Attitude :
2-9 KRASH Analysis Wing Shear Distribution for Symmetrical 2-11 !
Impact; 17.3 Ft/Sec Sink Speed, +1 Degree Pitch Attitude i
3-1 Floor Pulses for +6 Degree Pitch Attitude and 15 Ft/Sec 3-3 :
Airplane Rate of Descent .
. 3-2 Floor Pulses for +3 Degree Pitch Attitude and 18 Ft/Sec 3-3 :
S Airplane Rate of Descent . \
; 3-3 Floor Pulgses for O Degree Pitch Attitude and 20 Ft/Sec 3-4
? Airplane Rate of Descent
2 3-4 Floor Pulses for -3 Degree Pitch Attitude and 18 Ft/Sec 3-4
§ Alrplane Rate of Descent :
ﬂ 3-5 Floor Pulses for =6 Degree Pitch Attitude and 15 Ft/Sec 3-5 b
Airplane Rate of Descent
3-6 Floor Pulsges at FS460-820 3-5
3-7 Floor Pulses at FS960-1200 3-6
3-8 Fuselage Crush Distribution 3-6 {
o
o
L)
“
&
.\
b vii

]

e === e e gt e e L EEEEEEEE———




LI R B ¢ == i ol S

a2k B ciCh Sar

Figure
3-9
3-10

3-11

3-12

3-13
3-14

3-15

3-16
3~17
3-18
3-19
3-20
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28

3-29
3-30
3-31
3-32

LIST OF FIGURES (continued)

Forward Fuselage Floor Dynamic Triangular Pulse Parameters
as a Function of Airplane Pitch Attitudes at Impact

Aft Fuselage Floor Dynamic Triangular Pulse Parameters
as a Function of Airplane Pitch Attitude at Impact

Forward Fuselage Floor Dynamic Triangular Pulse Parameters
as a Function of Airplane Pitch Attitude at Impact -
Revised Analysis

Aft Fuselage Floor Dynamic Triangular Pulse Parameters
as a Fuunction of Airplane Pitch Attitude at Impact -
Revised Analysis

Peak Vertical Acceleration Versus Fuselage Station

Vertical Triangular Pulse Versus Fuselage Station,
Base Duration - 0.150 gec.

Vertical Triangular Acceleration Pulse Versus Fuselage
Station, Base Duration - 0,200 sec-

‘Fuselage Crush Distribution

Fuselage Mass No. 5 Acceleration Response, Condition No. 7
Comparison of Pulse Data for Conditions 7, 8, S
Comparison of Pulse Data for Conditions 10, 12
Comparisons of Pulse Data for Conditions 11, 13
Comparison of LIC and Crush Data for Conditions 7, 8, 9
Comparison of LIC and Crush Data for Conditions 10, 12
Comparison of LIC and Crush Data for Conditicns 11, 13
Analytically Obtained Vertical Pulses

Wing Mass No. 11 Acceleration Response, Condition 7
Comparigson of Wing Shear and Bending, Conditions 7, 9
Comparison of Wing Shear and Bending, Conditions 10, 11

Analytically Obtained Vertical Pulses — Gears Extended
Condition

Analytical Study, Test Case Model (Reference 4)
Lower Fuselage Spring Data — Test Cases (Reference 4)
Comparison of Airplane Configurations

Comparison of Lower Fuselage Spring Data

viii

3-8

3-8

3-10

310

3-11
3-11

3-12

3-12
3-17
3-17
3-18
3-18
3-19
3=20
3-21
3-22
3-24
3-26
3-27
3-30

3-35
3-36
3-37
3-38

"t

(]

o

ot ade H LoD "
R R L
S R




Figure

3-33

3-34

3-35
3-36

3-37
3-38
3-39
3-40
3-41
3-42

3-43
3-44

3-45
3-46
3=47
3-48
3-49
3-50
3-51
3=-52
3-53
3-54
3-55
3-56
3-57

LIST OF FIGURES (continued)

Deceleration - Fuselage Crash Impact Study - Flexible
Body - 5 Degree Impact Angle - 10 Ft/Sec Normal Velocity
- Stiffness 4 (Reference 4)

Airplane Impact Velocity Versus Pitch Attitude,
Alr~to-Ground Scenario .

Trend of Relative Responses Versus Impact Angle

L-1649 Measured Longitudinal Pulses at Two Locations
and for Two Impact Conditions

L-1649 Wreckage Shows Two Fuselage'Breaks"
Baseline Stick Model

Nose Gear Bulkhead Crush Spring Characteristics
Baseline Stick Model - Vertical Pulses

Baseline Stick Model - Longitudinal Pulses

Maximum Allowable Moment and Shear Envelope — Negative
Bending - Body Station 1120 (FS1080)

Maximum Allowable Moment and Shear Envelope - Negative
Bending - Station 1200 (FS1160)

Vertical Velocity Versus Longitudinal Velocity Data
Points; Slope Impact

Peak Vertical Acceleration Versus Fuselage Statiomn
Fuselage Crush Distribution

Stick Model Vertical Acceleration Histories

Stick Model Longitudinal Acceleration Histories

LIC Ratio Versus Ramp Angle, ENV = 25 ft/sec

Stick Model Mass Fosition Plot

Load-Deflection Curves for Baseline Model (Masses 1-5)
Load-Deflection Curves for Baseline Model (Masses 6-12)
Load-Deflection Curves - Set K2

Load-Deflection Curves - Set K3

Load-Deflection Curves - Set K4

Longitudinal Pulses Obtained from Ramp Impacts
Vertical Pulses Obtained from Ramp Impacts

1x

3-42

3-44
3-44

3-44
3-45
3-46
3-50
3-50
3-51

3-51

3-52

3-53
3-53
3-56
3-57
3-61
3-62
3-66
3-67
3-68
3-68
3-68
3-69
3-69

a1
g

Pl v g
YT

Lo




LIST OF FIGURES (continued)

Figure Page
3-58 Baseline Stick Model Vertical Acceleration Histories 3-71
3-59 Baseline Stick Model Longi:udinal Acceleration Historiles 3-72
3-60 Vertical Pulses Obtained from Ramp Impact 3-73
- : 3-61 " Longitudinal Pulses Obtained from Ramp Impact 3-73 -
3=-62 CID Test Normal (Vertical) Direction Floor Accelerations 3-75
- BS228 - BS540
3-63 Floor Accelerations, L-1649 Test, 6 Degree Slope Impact 3-76
3-64a Floor Acceleration, L-1649 Test, 20 Degree Slope Impact 3-77
3-64b Floor Deceleration, L1649 Test, 2C Degree Slope Impact 3-78
3-65 DC~7 Test, Measured Acceleration, Eight-Degree Slope Impact 3-79
3-66 Measured Vertical Pulses 3-81
3-67 Measured Longitudinal Pulses 3-81
3-68 Structural Configurations, Axial Test Cylinders (Referemce *) 3-83
3-69 Fuselage Nose Section Prior to Drop (Reference 4) 3-87
3-70 KRASH Model for Forward Impact Into a 90 Degree Wall 3-91
3-71 Axial Crush Spring Load-Deflection Characteristics 3-92
3-72 Beam Axial Non-Linear Load-Deflection Behavior 3-92
3-73 Deformed Distance and Average Acceleration Results 3-96
3-74 Peak Acceleration Distribution 3-97
3-75 Acceleration Versus Impact Velocity 3-98
3-76 Airframe Strength Exceedance as a Function of Impact Velocity 3-98
3=-77 Variation of Lower Fuselage Spring Data 3-100
3-78 Analytically Obtained Vertical Pulses, Air-to-Ground 3-107
Impact — Crush Variation
4-1 Summary of Measured Vertical Pulses 4=2
4=2 Summary of Measured Longitudinal Pulses 4-3
4-3 Analytically Obtained Vertical Pulses -~ Air-to~Ground, 4-5
Gears Extended and Retracted
4=4 Analytically Obtained Vertical Pulses, Air-to-Ground 4=6

Impact-Crush Variation

4=5 Longitudinal Pulses Obtained from Ramp Impacts 4=7




Figure

4=6

4-8
5-1

LIST OF FIGURES (continued)

Vertical Pulses Obtained from Ramp Impacts

Velocity Envelope for Trausport Category Airplane
Seat Dynamic Pulses

Structure and Seat Test Velocity Change Envelopes

Fuselage Crush Comparison; "Laurinburg"”, "CID", and
Parametric Analyses

xi N\

T ey

-
e

. i —y
A Ao N TN,

g
RY



Table

2-1
2=2

2-3
2~4
3-1
3-2
3-3
3-4
3-5
3-6

3-8
3-9
3-10

3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18
3-19

3-20
3-21
3-22

LIST OF TABLES

Comparison of Static Deflections

Comparison of Beam Initial Load Interaction Curve (LIC)
Ratios

Comparison of Stick Model Revisions

Comparison of Results Due to Expanded Model Revisions
Air-to—Ground Impact Analyses Results

Degcription of Analyses: Air-to-Ground Impact Conditions

Fuselage Response Parameters for Different Impact Conditions

Wing and Engine Response Analyses Results
Variation of Acceleration Pulse Along Wing Span

Conparisons of Analyses Results for Different Impact
Conditions

Comparison of Peak LIC Ratio, Fuselage Crush, and Vertical
Acceleration For All Gears LExtended Conditions

KRASH Wing Peak Bending Moment and Shear Responses
A Summary of Test Case Computer Runs (Reference 4)

Comparison of Analysis Results, Sink Speed = 15 Ft/sec,
0 Degree Pitch

Comparison of Analysis Results

Comparison of Ultimate Bending Moments
Preliminary Ramp Impact Cases

Preliminary Ramp Impact Analytical Results
Ramp Impact Cases

Maximum Acceleration

Maximum LIC Ratios

Maximum Crushing Spring Deflections

Floor Pulse Velocity Changes Obtained From the L-1649
and DC-7 Tests

Drop Test Results Axial Cylinder (Reference 4)

Drop Test Results Fuselage Nose (Reference 4)

Model Properties

Page

2-14
2-14

2-15
2-16

3-9
3-15
3-16
3-23
3-25
3-28

3-31

3-32
3-34
3-35

3-40
3-40
3=46
3-49
3=55
3-58
3-59
3-63
3-80

3-84
3-89
3-91

L AP I 2 A SR e R

A A GI AT POT LA C,

20



AdyCetefutpintrtis tni B Uit e te Uate et e a by

LIST OF TABLES (continued)

Table Page
3-23 Energy Distribution as Function of Impact Velocity and 3-94
Nonlinear Deformation Characteristics §
3-24 Impact Velocity Variation 3-94
3-25 Fuselage Axial Crush Spring and Beam Nonlinearity 3-95
Variations '
3-26 Comparisons of Floor Responczs Results - Increase to 3-102
24 Inch Crush
3-27 Comparison of Wing Response Results - Increase to 3~103
24 Inch Crush
3-28 Comparison of Floor Response Results - Increase to 3-104
36 Inch Crush
3-29 Comparison of Wing Response Results - Increase to 3-105
36 Inch Crush
3-30 Overall Summary of Results 3-106
4-1 Summary of Floor Response Pulses 4-9

5-1 Assessment of FAA Sponsored Test and Analyses Programs 5~-10




EXECUTIVE SUMMARY

This document describes the effort performed under Contract
DTFAC3-84-00004, Task Order No. 6, The study described in this report is

subsequent to the CID pre-test and CID correlation presented in references 1

and 2, respectively. . - - L

Tr.e KRASH model refined in the aforementioned efforts was used to perform

. parameteric sensitivity studles for severe, but sutviyable, crash scenarios.,

The previous KRASH correlation and model refinements are briefly discussed in
this report. Analyses were performed for air-to-ground, ground-to-ground, and
longitudinal impacts and the results are presented in the form of triangular
pulses with definitions of the peak amplitude, base time duration and pulse
change of velocity. The analytically obtained data are Lntegrated with the
full-scale aircraft and section test data to formulate crash design velocity
envelopes. The results of the parameter study suggest the following dynamic

tes. conditions for seats:

l. Combined Vertical-Longitudinal pulse with seat oriented 30 degrees
from the vertical; the resultant floor pulse parameters are:
AV = 32 ft/sec, At = ,15 sec., Amplitude = 13g.

Ze Longitudinal pulse; the floor pulse parameters are:
AV = 33 ft/sec, At % .20 sec.; Amplitude = 10g

The pulses presented are higher than the indicated airfranz fuselage

bending and shear strengths to account for rebound and rotational effects.

The study results are summarized with regard to the impact that the test
and analyses data have had on formulating crash design criteria. In the

process of discussing the major data areas, the progress achieved as well as

agssociated limitations are discussed suggested additional efforts are
defined.
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On December 1, 198&,'§he FAA/NASA jointly sponsored {referenec—1)Y vy

...~ . _. Controlled Impact Demonstation (CID) test was conducted. The CID test was a ,-w
‘ major milestone in a series of 1n;er-re1ated analyses and tests prescribed in ) 5&
the FAA Crash Dynamics program'uhj.ch_h;dopieeed—hr‘ﬁxm—l—hb Prior to the - f ::

CID test, several section and impact tests including analyses werqﬁgfffngff:') fﬁ&'

) The results of these experiments are described in reference 2., ¥Subsequent to Apé
the CID test, correlation between KRASH pretest analyses and actual test data 5;5

was evaluated. The actual CID test resulted in an unsymmetrical impact which ﬁﬁ

was modeled and the results compared with the recorded test data,(reference 5'?
hishinhiishinirh 'AD .

3). The results of this effort (described in reference 3) showed generally ,"Gz’ Ero

good agreement between the pretest analyses and the actual test data for both a 'ﬁg

a stick (figure 1-2) and an expanded model (figure 1-3). The stick model : ~:ﬁ$
responges were more representative of the floor pulses measured during the CID §£

test than were the expanded model results. The measured responses indicated 3!?

that the fuselage fundamental bending frequency was evident and contributed X %
significantly to the CID test floor pulse. The CID test impact level was not '4&

sufficiently high enough to verify the additional beam responses obtained from %ii

the expanded model. Thus, with emphasis on establishing floor pulses based on {i;

fuselage structural integrity limits (ultimate shear and bending moment), the zr‘

use of the stick model provides the most feasible and direct approach and as iy

such was used in the initial parameter studies. The overall program from “;

pre—CID to parametric sensitivity studies is depicted in figure l-4. Prior to T

the CID test, fuselage sections and a full airplane were drop tested. The ;&

data obtained from these tests were used to refine KRASH simulations to obtain 'j%
structure acceleration responses and moment/shear distributions. The KRASH !

output was used in the assessment of a planned impact condition which called Q?

for a severe, but survivable impact. ﬂﬂ

s

%
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The validated KRASH simulation model provides the basis for the post-CID
effort. This report briefly summarizes the correlation results and then
describes some initial modifications to the KRASH model subsequent to the
correlation and prior to the parameter sensitivity analyses. During the

course ¢f the parameter variation investigation the following crash scenarios

" _were analyzed:

e Air-to-Ground impact (gears retracted)
~—---- - . .. e Alr-to-Ground impact (gears extended) : -

e Ground-to-Ground impact (gears retracted)

The program flow chart, shown in figure 1-5, depicts the sequence of analyses
events leading to the development of crash design velocity envelopes. This
phase of the effort involved several interactions as a result of the input of
additional data during the course of the investigation. As noted earlier,
prior to the parametric sensitivity analyses the KRASH model's capabilities
were refined to (a) improve the expanded model's flexibility to be in better
agreement with available data, and (b) correct the stick model's geometry.
The initial analyses were then performed for the air-to~ground (gears
retracted) scenario, followed by the ground-to-ground scenario, also with
gears retracted. The results from the ground-to-ground analyses indicated a
need to update the nose-gear bulkhead representation. This refinement was
wade using existing available test data (reference 4). KRASH's modeling

capabilities were reviscd and a new set of results was obtained. In addition

to the two scenarios initially investigated, air-to-ground (gears extended)

and longitudinal impacts were also analyzed. The latter analysis was aided by

the use of existing available cylinder axial crush test data, also obtained

ESTERNE Lo

S eta

from reference 4. The analytical results yielded vertical, longitudinal, and

s

«

combined vertical-longitudinal pulses. The analyses results, along with the

full-scale test data (L.-1649, CID) and fuselage section test data, were then

used to formulate crash design velocity envelopes.

1-5
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SECTION 2

POST-CORRELATION STUDIES

2.1 SUMMARY OF CID CORRELATION RESULTS
The CID correlation effort is described in detail in reference 3. A

synopsis of the findings of this study follow below:

The inftial fuselage impact with the g;ound occurred at a sink speed of
approximately 14 feet/second (ft/sec), nose down (-2 degtees); This :
condition, modeled as a syrumetrical impact with the KRASH stick model, showed
agreement with the test data with regard to peak vertical acceleration and
fuselage underside crush distance. The analysis indicated higher shear and
moment load interaction curve (LIC) values than were estimated from the
measured bending moments. However, the analytically determined LIC values
indicated that the airframe strength had not been exceeded, which was

congsistent with the results from the CID test.

The KRASH stick model results depicting the CID unsymmetrical
air-to-ground impact from the time of engine No. 1 contact through to fuselage
contact shows agreement with the sequence and time of occurrence of
siginificant events such as engine No. 1, engine No. 2 and fuselage ground
contact. The airplane cg velocity is reduced from an initial 17.3 ft/sec to
approximately 14 ft/sec when the fuselage hits the ground which is consistent
with the test data. The crush magnitudes and distritution, as well as the LIC
values which indicate fuselage airframe strength margins exist at that impact
level, are also consistent with the test results. However, the fuselage
vertical accelerations from the mid-fuselage (FS820) through to the aft
fuselage (FS1400) are higher than the levels reccrded during the CID test.
The actual test data also differs from the results obtained frcm the
abbreviated 14 ft/sec fuselage impact analysis results. The analyses showed
that the responses are somewhat sensitive to the initial loading
(aerodynamics) conditions and <he manner in which those loads change. The
difference in acceleration responses noted may be due to the manner in which

these external forces are represented in the KRALH model.

2~1
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‘analyses, both the symmetrical impact on the fuselage at 14 ft/sec, and the

The fuselage vertical acceleration responses obtained from the post-CI1D

unsymmetrical impact on the No. 1 engine at 17.3 ft/sec are shown in

figure 2~1, along with the measured CID test data range. The acceleration
values represent peak g's for a triangular pulse with a base duration between
0.100 and 0.1590 second.

along the fuselage.

Tae longitudinal pulses are approxiwately 3 to 4 g's - - }~

* *IMPACT CONDITION

Figure 2-1.
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An analyses of the results for the planned CID symmetrical (0O-degree
roll, yaw) and the actual CID unsymmetrical (-13 degree roll, yaw) condition
for the one-degree nogse-up and 17,3 ft/sec sink rate impact are shown in
figure 2-2. The fuselage crush distribution is similar to that experienced
during the full-scale airplane drop test, commonly referred to as the
_ "Laurinburg” test, which was a symmetricai, 17 ft/sec sink speed impact. The
17.3 ft/sec symmetrical impact shows a peak LIC of 0.78. By linear 7
extrapolation, this data indicates the LIC ratio of 1.0 (limit of airframe
strength) would be reached at a sink speed of 20 ft/sec. However, the
responses are most likely not a linear relationship with impact velocity, but

more a function of available crush distance.

Comparisons of the stick model versus the expanded model fuselage results
for a symmetrical 17 ft/sec impact with a 1 degree nose-up attitude engines-on
are shown in figure 2-3. The LIC values generally range between 0.60 and
0.70. The peak vertical accelerations, slso shown in figure 2-3 are
reasonably close for fuselage station 199 through to fuselage station 960.

Aft of this location station the expanded model responses are approximately
2/3 the values of the stick model. The crush distributions for both the stick
and the expanded models follow the same trend. They are both within the crush
distances observed for the "Laurinburg” test, which was performed for the same
impact condition as the CID. The "Laurinburg” test differed from the CID test
in that the former did not have aerodynamic loading and forward velocity. As
noted in reference 3, the differences between the stick and expanded model
representations need further investigation to ascertain their influence on the

respective results.

The fuselage peak vertical acceleration versus base durarion for the
triangular pulses associated with the analyses and test results is showu in
figure 2-4. The acceleration responses ave shown for the passenger region
only (FS460-FS1400)., As expected there is substantial scatter. For the most
part the test and analyses results fall in the shaded area which 1s between 4g
to 10g peak and 0.100 to 0.170 second base duration.
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Figure 2-~4. Triangular Shaped Vertical Acceleration Responses From

Analyses and Test; Peak Magnitude Versus Base Duration,
Passenger Region FS460-1400

From figure 2-1, shown earlier, there are differences between the peak
vertical accelerations obtained from the full unsymmetrical analysis, the
analysis of the symmetrical impact on the forward fuselage and the test data.

Several areas in the model and impact condition representation may contribute

These include:

The cffect of both the initial and time varying serodynamic loading -

For example, the moment response data as shown in figure 2-5 shows the
No, 1 engine impacting first and then followed by impact of the

fuselage while, the symmetrical model analysis starts at the point
designated “nose-impact,” with an aerodynamic loading applied so as to

develop the momant distribution measured. The unsvmmetrical model

analysis starts at the point noted “initial engine impact.” For the

analyses to be identical, the moments would have to be developed from
“initial engine impact” through “initial fuselage impact” as shown in

figure 2-5. This does not occur in the model. Model revisions to

allow more detail in engine/wing attachment and application of

aerodynamic loading may be needed to evaluate this effecte.
» 276

TNl 4 B, RN - N W -

- oA e--r

ERIAW S

-~
> o
e

.
?-." g

e

R,

e

[ 8

L=

W

X




S TRI AT TIRCLET LT Al IRTIRSE AN B B RS SRS S ORTA0 R L el LAsAf AR A A s AT R A RAamRRamann R T e EmE Al T T R T T O T T T T T T T

J
1.25

-— 8 o
3 <’> 17 &
({~] - — 'a_ FI: -2
: <> | 5 .,

0.50
TIME (SEC!

0.50
Tt 1SEC)

'

S

o

O
)

[ I | | | L1 1 ° 0
s & 8 = g = 2 » = © =2 2 8 8§ o
' ' o
—~—— i — N R - "
an v NAOO NAOO v an E
81N 0L " ININON ONIONE 81N 01+ ININON MON3® ©
e ——— . —. e e %P

- &
2 ® > ] s

o

o ¥2) - g
< . - _ 4= =

- = ] : -
Q = Y (7] o
g w @ . ? c
a. (L.} m 1]

Z <« 2
- - 1s . Q
woow R < (-]
2 S & e}
c = ; > | i 3
z ] - = =
-— s 'S
s 5 @
= = ] = =
e =
(0 g

-

L l i | I L 11 1 i - o
o w < & =z 2 - 2 » 8B & w
2 » -8 b
- } 4 =
o an i MO0 NAOD v an a
diN . e INTAUW INIGN Y NI s_nl * ININOW SMON!.B s

)
128

B.S. 410

tOSS OF DATA

B.S. 1030

Figure 2-5.

d
R

1
0.25

TIME SEC
|
0.50
TIME (SEC)

G 12
- 5
ottt
Ll ) I ) I U A | o
1 | 1 - g &# £ £ £ o e »o 2 o o @02
o wy o . (=] - (=)
e - - ~ L
-, i NAOD ! an e
an NMOO LN, 01 - ININOW DNION38

§1M 01« “ININON ONONIS

2-7




e Representation of engine/wing/fuselage attachments - For example, the [

unsymmetrical model results indicate that a pitch rotational velocity ¢
develops at the time the fuselage impacts; it is approximately 0.05 to N
0.010 rad/sec. The actual contact velocity of the fuselage mass at

A .

time of ground contact, in some cases, is noted to be higher than the

eg velocity, resulting in higher peak acceleration values. When o R
) " initial pitch and roll rotational velocities were included such that ’ ““:i
the resultant 17.3 ft/sec vertical contact velocity consisted of both %
- - -+ -~  translational and rotational components, the results were in better - e
A agreement with the test data. . $
. ,ﬁ
: 1}
A The analytical wing response results are of interest in light of the g
measured and observed (photographic) CID test results. The analytically
obtained moment and shear distributions, along with estimated strength levels 'E
f- and available test data, are shown in figures 2-6 and 2-7, respectively. The ;E
g curves suggest that for the 13 degree roll, 17.3 ft/sec. sink speed condition fg
the wing structural integrity is at or near its limit. For this impact i
: condition, the left outboard wing section has the highest potential for :E.
K faifure. Faillure initiated at the left wing tip would progressively work its ﬁ
; way inboard. Since there was no fuel tank rupture, nor significant fuel spill a
. as a result of this failure, it is presumed that the wing fuel containment i
f réquirements are met for this crash scenario. Analytical studies, described fi
: in reference 17, were performed for a gears-up airplane contacting the ground oL
: with one wing low., The pltch attitude was level, or slightly nose-up. These ss
" conditions are gsimilar to the CID test. The report goes on to state that Lﬁ
ﬁ crushing and wearing-off the tip and outer wing will begin when contact is gg
: made with the ground and will progress along the wing until either a fuel tank fi
e is opened, the wing is broken off, or the airplane is righted by the loads é;
H which are crumbling the outer wing. The study concluded that for an alrplane
;3 carrying fuel in the entire span of the structural box, the fuel can be §§
: contained at roll attitudes up to 12 degrees, independent of descent angle. fq
With no fuel carried outboard of the B0 percent semi-span location, the fuel [
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can be contained up to a roll attitude of 15 +1 degrees. The CID test, with a
roll attitude of 13 degrees and considering the extent of wing damage o © T

experienced at impact =:end to confirm these earlier findings.

--The analyses results showed that for symmetrical impact at 17.3 ft/sec
impact and a +l degfee pitch attitude, thé moment and shear distribution along
the wing will be substantially below its estimated strength as is depicted in
figures 2-8 and 2-?,Arespectively.

The correlation results suggested several concerns that need to be
addressed with additional analyses and/or tests. The following is a brief
discussion of these items:

o How sensitive are the responses to assumed external ’oading
(aerodynamics) and initial rotational velocities (pitch, roll, yaw)
within the range of survivable impact speeds and acvtitudes? Analysis,

as opposed to testing, is a more practical attempt to clarify this
item.

e What is the trend of the response of the airframe as a function of
pitch attitude? For example, do the fuselage extremities respond in
the manner indicated by the results of the limited range of analyses

performed during the correlation study? Additional analysis supported
by limited testing appears necessary.

e What 1s the appropriate representation of the engine/wing and
wing/fuselage attachments and can a refined model provide better
agreement with test data, both during initial engine-ground contact
and subsequent fuselage-ground contact? While the effort (described
in reference 3) did not dwell on the engine or wing representation,

the results indicate that this 1s an area that could be further

explored.
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2,2 POST-CID CORRELATION MODEL REFINEMENTS
_ Subsequent to the KRASH correlation with test data, additional analyses

have been performed to determine the effect of model refinements. As noted in

Section 6 (reference 2), the comparison of the stick model's versus the )
expanded model's initial static deflections and LIC ratios were improved as a _‘

" result of model refinements. The refinements discussed in this section were -

not ifncluded in the pre-CID analyses results reported in reference 2 nor in T T

the correlation analyses reported in reference 3. Specifically, the changes

are: : D : - - - SR
e Stick Model

(a) Correct wing waterline locations. The original stick model was
formulated prior to the NASTRAN-IC code change to KRASH85 and
contained wing stations for a deflected position due to an

initial aerodynauic loading distribution.

(b) Provide an additional wing-to-fuselage beam attachment at the :
wing leading edge location (FS620). This change increases the
number of beams to 17 and 25, for the symmetric and unsymmetric
models, respectively. The number of masses remains 17 and 24,

respectively.
e Expanded Model

(a) Provide the lower fuselage longitudinal beams with additional
compressive area to be in agreement with the cross-sectional area

distribution as shown in the data.

(b) Eliminate one mass and beam from each wing. This change reduces

a symmetrical model from 48 masses and 137 beams to 47 massee and \

136 beams. This change makes the wiag representation alike fer i
both the stick and expanded models. .




A comparison of stick and expanded model initial static deflections and
. LIC ratios is shown in tables 2-1 and 2-2, respectively. Results prior to and
after the aforementioned changes are noted. In general, the model changes

resulted in an improved comparison between the stick and expanded models.

" The results from several impact conditions were compared to determine
the effect the model changes would have on overall response. Table 2-3 shows
stick model generated data of LIC, fuselage crush and peak impulse for both

- symmetrical and unsymmetrical impacts. Representation A compares favorably
with Représentation B, and Representation C compares favorably with
Representation D. The latter comparison shows a relatively large discrepancy
in the LIC value at FS300. A closer review of the response data shows that
the LICs at FS300, for Representations C and D, are ejual to 0.15 at about
0.45 second after impact. At that time, the downward shear is between 18,200
and 18,600 1lb. and the downward moment is between 2.44 x 106 and 2.64 x 106
in-1b. Thereafter, both analyses show extremely low LICs except for the
latter analysis, Representation D, which exhibits a short duration upward
shear of 49,000 1b. accompanied by a low (1 x 106 in-1b) upward moment. This
combination of loading results in a sharp rise in the LIC value to 0.30 which
quickly reduces to less than 0.10. This situation occurs at the time the
forward spring (FS199) reaches its peak deflection and starts to unload. For
Representation C, wnen the forward-most spring (FS199) starts to unload at
0.531 sec, the shear reverses but is only 8,400 1b. While the exact cause of
the discrepancy is not known, the phasing of external spring loading and
unloading at FS199 and FS300 most likely contributed to this situation.

Table 2-4 shows the comparison of results generated by the expanded model
changes. The results for a symmetrical impact condition with a 17.3 ft/sec
sink speed and +1 degree pitch show that while some differences may exist, the

overall assessment of LIC, crush and impulse data is unaltered by the model

changes. The model changes described do not alter the correlation results.
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TABLE 2-1, COMPARISON OF STATIC DEFLECTIONS
DEFLECTION, INCHES
STICK MODEL EXPANDED MODEL DIFFERENCE,
LOCATION FIGURE 1-2 FIGURE 1-3 INCHES
FUSELAGE
FS 189 -1.07 {-1.30) -3.42 {-1.90) 2.35 (0.60)
FS 300 -0.83 (-1.01) -289 (-1.71) 2.09 (0.70)
 FS 460 -0.45 (-1.35) -2.25 (-1.35) 1.80 (0.77)
" FS 620 -0.16 {~0.23) -1.32 (-0.80) 1.16 (0.57)
- 5 820 0 0) 0{0) 0 (0)
FS 960 -0.21 (-0.21) -0.03 (-0.09) 0.1810.12)
FS 1040 -0.49 (-0.49) -0.16 {-0.09) 0.33 (0.26)
FS 1200 -1.25 {-1.25) -0.94 (-0.99) 0.31(0.26)
FS 1400 -2.65 (-2.65) -254 (-2.57) 0.11 (0.08)
FS 1570 -4.07 (-4.07) -4.03 (-4.10) 0.40 (0.03)
WiNG
ROOT +0.81 (+0.84) +0.61 (+0.63) 0.20 0.21)
TP +40.5 (+39.6) +41.2 (+39.9) 0.70 (0.30)

{XXX) REVISED MODEL RESULTS

TABLE 2-2. COMPARISON OF BEAM INITIAL LOAD INTERACTION CURVE (LIC) RATIOS
LOAD INTERACTION CURVE RATIO
CURVE NO. FUSELAGE STATION STICK MODEL EXPANDED MODEL
1 300 0.011(0.011) 0.009 (6.009)
2 350 0.061 (0.061) 0.062 (0.062)
3 450 0.058 (0.057) 0.062 (0.052)
4 480 0.122 (0.123) 0.120 (0.118)
5 540 0.122 {0.123) 0.120 {0.118)
8 600 0.124 (0.124) 0121 0.121)
7 620 0.151{0.332) 0.258 (0.233)
8 820 0.209 (0.344) 0.360 (0.326)
9 820 0.426 (0.427) 0.431 (0.429)
10 960 0.203 (0.203) 0.205 (0.204)
11 960 0.203 {0.203) 0.205 (0.204)
12 1000 0.249 (0.249) 0.251 (0.250)
13 1080 0.245 (0.2495) 0.248 (0.247)
14 1160 0.273 (0.273) 0.276 (0.275)
15 1210 0.190 (0.190) 0.192 {0.191)
16 1320 0.158 (0.158) 0.163 (0.162)
17 1400 0.799 (0.199) 0.203 (0.202)
18 1400 0.177 (0.177) 0.181(0.181)
{XXX) REVISED MODEL RESULTS
2-14
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TABLE 2-3.

COMPARISON OF STICK MODEL REVISIONS

-2° PITCH, 14 FT/SEC SINK SPEED,

0° PITCH, -13° ROLL AND YAW,
17.3 FT/SEC SINK SPEED,

SYMMETRICAL IMPACT UNSYMMETRICAL IMPACT
17 MASSES - 17 MASSES - @247MASSES = @ 24 MASSES - -
16 BEAMS ® 17 BEAMS 23 BEAMS 26 BEAMS
uc @Fs '
300 0.50 0.52 0.15 0.30
350 049 0.49 0.57 0.55
450 040 - 040 0.51 049
600 0.45 0.48 0.44 0.38
990 0.59 047 0.78 0.80
1090 063 0.64 0.77 0.78
1210 046 D.44 0.75 0.75
CRUSH (INCHES) @ FS
300 18 8.0 18 8.4
460 48 45 55 8.0
620 40 38 45 4.7
820 2.8 29 35 35
960 5.9 6.9 30 30
1040 8.0 9.4 18 18
1200 2.3 4.8 - -
PEAK IMPUSE G-SEC @ FS
1989 093 1.00 1.06 1.04
300 0.85 091 0.94 0.93
460 072 0.75 0.77 0.77
620 062 0.63 0.72 071
820 0.51 0.50 0.66 0.64
960 046 045 0.58 0.61
1040 044 042 0.55 0.54
1200 041 0.39 0.57 0.56
1400 0.39 0.38 0.57 i 0.55

2-15
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TABLE 2-4, COMPARISON OF RESULTS DUE TO EXPANDED MODEL REVISIONS
+1° PITCH, 17.3 FT/SEC SINK SPEED, SYMMETRICAL @
CORRELATION MODEL STIFFER MODEL STIFFER MODEL REVISED WING
48 MASSES 48 MASSES 47 MASSES
137 BEAMS 137 BEAMS 136 BEAMS
{~—— ~fuwers — - - N = - - -
b 300 _ 0.25 0.28 0.29
; 350 278 0.77 0.66
450 0.64 0.66 057
600 o 060 , 070 | 0.68
990 0.82 0.79 0.68
¥ 1090 0.82 0.79 0.82
\ 1210 0.58 0.68 057
CRUSH oN) @ Fs
) 300 7.8/1.6 8.0/8.0 719778
5 460 5.0 5.7 5.1
N 620 4.8/5.1 5.3/5.4 4.714.7
N 820 : 7.718.2 7.2/8.0 _ 65/7.4 .
" 960 9.0/9.8 6.3/9.2 6.0/8.7
1080 9.1 8.5 8.1
1240 34 3.4 3.1
PEAK IMPULSE G-SEC
@Fs {b)
199 0.97/0.95 0.95/0.90 0.84/1.00
300 0.91/0.87 0.87/0.83 0.77/0.90
450 0.73/0.74 0.73/0.72 0.63/0.73
620 0.61/0.63 0.63/0.63 0.63/0.64
820 0.64/0.61 0.64/0.62 0.63/0.61
860 0.60/0.62 0.58/0.61 0.60/0.60
1080 0.84/0.83 0.61/0.62 0.60/0.61
1240 0.77/0.66 0.62/0.66 0.68/0.64
1400 0.710.72 0.77/0.74 0.76/0.73
(a) MODELS INCLUDE PRE-CID ENGINE LOAD-DEFLECTION CURVE AND AERODYANMIC LOADING DISTRIBUTION
{b) TWD VALUES REPRESENT CENTERLINE AND FLOORIFRAME INTERSECTION LOCATIONS, RESPECTIVELY
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SECTION 3

PARAMETRIC SENSITIVITY INVESTIGATION

3.1 VERTICAL PULSE

The floor vertical pulse magnitudes and distribution are affected by the
vertical descent rate or effective normal velocity (ENV), airplane pitch
attitude, aerodynamic loads, initial impact location, and engine configuration
and involvement. However, if criteria is established for a tolerable floor
‘pulse based on an acceptable level of fuselage shell structural integrity,
then an entire crash sequence may not be necessary. Knowing the cause of the
fuselage impact conditions may not be as important as knowing the actual
fuselage impact levels. For example, the CID test impact condition 1is noted
as 17.3 ft/sec sink speed, O-degree pitch, l3~degree yaw, l3-degree roll. For
this particular attitude the left wing engines are involved prior to fuselage
impact. The engine involvement is such that the fuselage impacts at a reduced
sink speed (14 ft/sec) and different attitude (2 degrees nose~down). For a
17.3 ft/sec symmetrical impact at a level pitch attitude, the engine
involvement 1is less and the initial fuselage impact speed is at, or near, the
original impact velocity. In reality then, for purposes of evaluating floor
pulses, the 17.3 ft/sec symmetrical impact is the condition which directly
affects the fuselage, while the 17.3 ft/sec unsymmetrical impact is, in
reality, a 14 ft/sec, -2-degree pitch fuselage impact. The aerodynamic
loading distribution and/or the subsequent loading consequence of earlier
sequential events (i.e., engine~wing failures) can alter the fuselage
responses. While the monitoring of the complete sequence of events 1s of
interest, a more direct approach would be to develop an envelo,c of airframe
loads and floor accelerations for a range of fuselage impact velocities and
attitudes. Either a no-externai-loading (aerodynamic) condition or a
predetermined aerodynamic distribution should be applied throughout the range
investigated. Probably the most difficult decision is determining the
appropriate level of airframe structural integrity to be established as

criteria. For the purpose of this study it was decided that breakup of the
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airframe is initiated when the fuselage strength, bending moment and/or shear
a " 18 exceeded. The initiation of fuselage breakup represents the limit of
A ' " gtructural integrity because the events that occur beyond this point are
¥ difficult to project.

i 3.1.1 Air-to-Ground, Gears Retracted

) 3.1.1s1 Initial Analyses
o The initial parametric sensitivity analyses were performed with the KRASH

e stick model. The following assumptions were made.

'

& e Impact directly on fuselage, no engine crush involved
e Symmetrical impact, no roll or yaw

M e No initial external loading, i.e., aerodynamic forces

o e No rupture of beams

e Load interaction curve (LIC) > 1.0 indicates limit of airframe

0 integrity.

it o Maximum crush before restifferiing occurs is:
10-inch wing center section, FS620-820
18-inch wing MLG aft bulkhead FS960

{1) 24-inch fuselage frame sections, F5300, 460, 1040, 1240

Figures 3-1 through 3-5 contain plots of the peak acceleration for a
triangular pulse, time duration of the pulse and associated change in velocity
Y for fuselage impacts with piteh attitudes of +6 degrees, +3 degrees, 0 degree,
~3 degrees and -6 degrees, respectively. Included on each plot is a

tabulation of the fuselage underside crush and LIC ratios. These data are

C

crogs-plotted on figures 3~6 and 3-7 for the forward fuselage locations (460,

L

£20) and aft fuselage locations (960, 1200), respectively. Figure 3-8 shows

the crush at the respective fuselage locations in relation to the respective
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Figure 3-1. Floor Pulses for +6 Degree Pitch Attitude
and 15 Ft/Sec Airplane Rate of Descent
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Figure 3-2, Floor Pulses for +3 Degree Pitch Attitude

and 18 Ft/Sec Airplane Rate of Descent
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impact conditions at which LIC values exceed 1.0. The respective crush limits

-are noted in this latter figure. Crush beyond these limits results in an ] 7yqf

extremely stiff load-deflection curve, which tends to produce correspondingly

higher loads. The crush spring at FS300 is unique in that it represents a

bulkhead which produces high loads for a small deflection. The load B

 associated with deflections beyond 4.4 inches is extremely small. From I 1,
figure 3-8 it can be observed that some impact conditions cause crushing of ‘*??
the fuselage which results in the occurrence of restiffening loads. 5:,

- Figures.3-9 and 3-10 show the envelopes of peak acceleration, airplane initial ";<:;$ 2
impact velocity and floor velocity change. The latter can be higher than the ?ﬁa
airplane initial velocity due to (1) rebound and (2) rotational velocity. The 0 u
peak acceleration (gp)’ pulse definition (triangular, base duration) and floor ﬁ
velocity change are the parameters which govern potential seat dynamic test ﬁ”‘,
requirements. The data shown in figure 3-9, are for a 0.150-second triangular

- pulée.nnf;mfgwiaééd on using the highest velocity change pulses from figures ﬁ;;

3-6 and 3-7 and adjusting the peak g and At to produce the same velocity 4
change. The data provided in figures 3-9 and 3~10 indicate that the positive
pitch attitudes provide for higher velocity change pulses. It appears that
the initial impact on the aft fuselage occurs with more available initial
crushing (FS960, 1200) than when impacting on the forward fuselage (FS460,

820), and thus the floor pulses tend to be of longer duration (compare
figures 3-6 and 3-7).
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3.1.1.2 Refined Analyses

The initial analytical results were obtained prior to the incorporation

.2""'3"

-

o

]
-

into the model of a revised nose gear bulkhead crush representation. This

2

?5%

model change 1s described in Sections 3.2.1 and 3.3.1. Subsequent to this

revision, several conditions were rerun and the analyses were expanded. Table

N

3-1 shows a summary of previously presented responses for the -6 degree,

0 degree and +6 degree pitch attitudes investigated. The significant response

L &%

change in velocity (AV), peak acceleration (gp), equivalent triangular pulses
(for equal AV) for base durations of 0.150 and 0.200 second, and the

-
.
-
-

associated fuselage crush distances, are presented. Figures 3-11 and 3-12

show the peak vertical accelerations and associated triangular base durations
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TABLE 3-1. AIR-TO-GROUND IMPACT ANALYSES RESULTS
) vetociry | PEAK ACCELERATION, g CRUSH
IMPACT FUSELAGE CHANGE, | At=0.150 | At =0.200 | DISTANCE,

CONDITION STATION Opask INJSEC SECONDS | SECONDS | INCHES

SIX-DEGREE NOSE-DOWN 300 120 235 8.1 8.1 12.6

.Y prew15FTsEc. | 460 | 85 | 13 | a7 | 35 13 o

SINK SPEED 820 12 10 37 28 48

o 820 83 210 | 72 5.4 108

960 9.0 240 8.2 8.2 18.1

1040 124 190 8.5 49 233

1200 12.2 160 5.5 41 249

ZERODEGREE | 300 | 1.2 400 13.8 104 126 ST

PITCH, 20 FY/SEC 460 13.6 320 1.0 8.3 1.4

SINK SPEED 620 13.0 315 109 8.2 1.1

820 10.7 2680 10.0 15 1.5

960 11.4 278 3.8 7.2 135

. 1040 10.0 272 8.3 7.0 14.5
1200 10.4 260 8.9 8.7 8.0

SIX-DEGREE NOSE-UP 300 19.3 360 124 9.3 39

PITCH, 15 FT/SEC 460 9.9 280 9.7 73 4.1

SINK SPEED 820 19 180 63 47 8.5

. 820 75 170 5.8 44 113

960 13 200 89 5.2 17.6

1040 6.8 290 9.5 15 21

1200 8.8 345 118 8.9 212

* FOR A TRIANGULAR PULSE SHAPE WITH A BASE DURATION (At) AND VELOCITY CHANGE AS NOTED

obtained directly from the analyses for the forward fuselage (FS300, 460, 620)
and the mid-aft fuselage (FS960, 1040, 1200). Figures 3-11 and 3-12 update
the data presented in figures 3-9 and 3-10. The responses shown in figures
3-11 and 3-12 contain pulses which have a At range primarily between 0.137
second and 0,178 second, peak vertical acceleration values between 7g and l3g,
and velocity changes between 216 in/sec and 400 in/sec. These values are
associated with an envelope of impact conditions in which the fuselage shell
integrity 1s considered at the threshold of exceedance. The longitudinal
pulse for these conditions is assumed to be proportional to the vertical pulse
in magnitude as a function of ground coefficient of friction (i.e., M = 0.5,
g, = O.ng). The data shown in table 3-1 are plotted in figures 3-13 through
3-16. The accelerations, shown in figure 3~13, are presented without regard

to time duration. Figures 3-14 and 3-15 present the analyses results on the
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response for the most part reflects a velocity change approaching 300 in/sec

basis of 0.150 second and 0.200 gsecond base duration triangular pulses,

respectively. These pulse durations are reasonable approximations for floor P
dynamic test pulses. Also shown, in figures 3-14 and 3-15, are lines of

constant velocity change (AV). As can be observed from these two plots, the

to 400 in/sec in the most forward passenger region (FS300), 300 in/séc in thei
passenger mid-cabin region and 300 in/sec to 350 in/sec in the passenger aft
cabin area. The crushing distribution for the alr-to-ground impacts is shown
‘in figure 3-16. Passenger forward cabin and mid-cabin underfloor crushing can - = T
reach 10 to 12 inches., Passenger aft cabin underfloor crushing can be more

extensive (particularly between the main landing gear aft bulkhead (FS960))

and the fuselage aft pressure bulkhead (FS1400), and reach 20 to 25 inches.

The latter crush is within the range of crush obtained during FAA/NASA

narrow-body fuselage section testing performed at initial impact velocities of

20 ft/sec to 35 ft/sec. The floor peak accelerations, measured during the

FAA/NASA section tests, are approximately 8g to 10g. This compares with the

7g to 10.35g, shown in figure 3-12.

The data shown in figures 3-11 through 3~16 and table 3-1 reflect a
tendency for the modeled aircraft to rotate after initial impact. In the case
of an initial nose~down impact, the airplane eventually settles on the aft
fueslage, which shows substantial crush. The flat (zero-degree pitch) impact
shows a relatively evenly distributed peak acceleration and fuselage crush
distribucion. However, there is an indication that the velocity change is
greater at the extreme forward of the fuselage. The initial nose-up impact
results in a higher peak acceleration and velocity change at the forward
fuselage than at the aft fuselage where the airplane initially hits the
ground. It is possible that the analytical simulation allows for more rebound
than exists and thus the velocity changes associated with post-impact behavior
are more severe than those experienced at initial impact. However, the
following data tend to suggest that rotational and rebound effects could be
significant: (1) During the CID test when the fuselage f <t impacts the
ground the sink speed is noted to be 14 to 15 ft/sec. The integrated

acceleration traces indicate that the changes of velocity for the assoclated
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pulses from the cockpit (forward of the impact location) through to the wing
“leading edge station (aft of the impact location) vary from 15.2 to 21.0
ft/sec., and (2) the result of NASA light fixed-wing aircraft tests which are
_ reported in numerous documents. Reference 9 reports on light airplane
. . _(twin—~engine, low-wing) crash tests (gears retracted) at three pitch angles
' (impact on councrete) and reference 10 data report on low-wing, single-engine
crash tests (gears extended) under three different conditions, including 30
degrees nose—-down onto concrete terrain. In both reports the data indicated
“that the subsequent slap down can be'significant such that the latter peak i
accelerations approach the magnitude experiencad at the initial impact
location. There are, of course, differences in structure and size between
light fixed-wing and transport category aircraft. The extended size of the
larger aircraft could easily induce higher rotational velocities, particularly
if structural failure is localized and ¢\ 2 aircraft remains rigid, as it

appears to have happened in the full-z:zale CID crash test.

Subsequent to the reformulation of information that is presented in
table 3-1 and figures 3-11 through 3-16, additional analyses were performed to
investigate:

e The change in the crush characterization of the nose-gear hulkhead
(similar to that used in the ramp impact) to ascertain 1f the

aircraft air-to-ground analyses results are affected.

® The incorporation of wing and engine responses and the monitoring of
wing shear and bending moment versus estimated strength allowables.
Wing correlation results reported in reference 1 showed reasonable
agreement between test and analyses results for wing bending and
shear; and thus airframe strength considerations extended to wing, as

well as fuselage capability, appear appropriate.

The conditions analyzed are noted in table 3-2. The results for the
fuselage responses to these conditions are shown in table 3-3. A sample plot
of acceleration responses for Condition No. 7 at mid-fuselage location (FS820)
is shown in figure 3-17, The unfiltered @cceleration peak is 13.6g (vertical)
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and 5.1g (longitudinal). The base duration of this pulse is about 0.108
second and the change in vertical velocity during this time is 315 in/sec.
Based on a triangular pulse of equal velocity change and base duration, the
peak amplitude is 15.1g which is the value shown in table 3-3,

Thewacceleration'tesponse'for several groups of conditions in the form of a
triangular pulse is shown in figures 3-18, 3-19 and 3-20. The data is a
cross-plot of peak 3, At, and AV. Similarly, figures 3-21, 3-22 and 3-23 show
fuselage LIC and underside crush for the same sets of conditions. The data -
from all these conditions (7 through 12) are plotted slightly different in
figure 3-24., This figure contains the same data (g, At and AV) as figures

3-18, 3-19 and 3~20, but shows envelopes of velocity change. The majority of
the response data clusters between AV of 22 ft/sec to 27 ft/sec and a At

between 0.12 second and 0.16 second.

TABLE 3-2. DESCRIPTION OF ANALYSES: AIR~TO~-GROUND IMPACT CONDITIONS

AIRPLANE FORWARD REVISED

INITIAL PITCH ENGINE VELOCITY NOSE GEAR

cogron | s | guner | wpe | gwe | oo | smons
1 22 0 NO YES YES YES
2 22 +1 NO YES YES YES
3 20 +1 NO YES YES YES
4 17.3 +1 NO YES YES YES
5 i7.3 +1 YES YES YES YES
(-] 22 0 NO NO NO YES
7 22 0 NO NO YES YES
8 20 0 NO NO YES NO
9 20 0 NO NO YES YES
10 16 -8 NO NO YES YES
b 11 15 +6 NO NO YES YES
: 12 15 -6 NO NO YES NO
; 13 15 +6 NO NO YES NO
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NEASURED LONGITUDNVAL PULSES
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Figure 3-24. Analytically Obtained Vertical Pulses

The wing/engine responses are tabulated in table 3-4. The wing response
data for Condition No. 7 (table 3-2), indicates that the bending moments are

approaching the estimated bending ultimate strength and the shears are

exceeding the estimate ultimate shear capability along the wing span. The i
peak accelerations are l4.3g vertical and 4.8g longitudinal (fore-aft) at wing
@
inboard mass location No. 11. The analytically obtained wing mass No. 1l MR
pulse data is shown 1n figure 3-25. The response data indicates an equivalent ii
(same velocity, time period) triangular pulse in the vertical direction of: it
4
N
peak acceleration (gp) = 13.5g N
change in velocity (AV) = 312 in/sec. N
base duration (At) = 0,120 sec. 0
g
In the longitudinal direction, the equivalent triangular pulse can be X
described as: q
‘
neak acceleration (g,) = 6.2¢g A
change in velocity (XV) = 140 1in/sec. .
base duraticn (At) = 0.120 sec. ;
ot

§
Ph
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Figure 3-25. Wing Mass No. 11 Acceleration Response, Condition 7

A summary of the variation in acceleration pulse along the wing span is
noted in table 3-5. The responses shown for wing masses 14 and 15 occur
within 0.250 second after initial fuselage impact with the ground. Subsequent
to this time, these masses exhibit large oscillatory motion and associated
higher velocity and accelerations. Since the condition analyzed has zero
1ift, the wing tip (mass 15) shows the potential for ground contact after
about 0.250 second, which would alter the responses thereafter. The model
does not contain ground contact springs for the outer wing masses, however, so
the wing responses noted can be considered associated with the deceleration
forces without wing obstacle/ground contact mass No.ll. Responses can be
taken as representative for such a high sink speed impact, particularly for
the wing inboard tanks. Comparisons of wing shear and moments for the level

pitch attitude condition at two different sink speeds (Condition Nos. 7 and 9)
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TABLE 3-5. VARIATION OF ACCELERATION PULSE ALONG WING SPAN

Direction

Triangular Pulse Parameters

Location g At AV
T (reak) (sce) (in/sec)
Mass 12 Up 10.8 . 150 316
S - - Aft 5.4 —_— 142
Mass 13 up 11.2 132 368
Aft 5 "220 150
Mass 14 Up 8.2 078 140
Aft 6.2 ¢ 246 300
Mass 15 Down 21.5 120 482
Aft 13.4 L1738 371

are shown in figure 3-26,
sink speed from 20 ft/sec
moment Aistribution and a
presents comparative wing
10) and the nose~up Lmpact (No. 11)}.

shear BL inboard of the inboard engine.

significant increase in shear loads.

It can he observed that the increase {n fnittial
to 22 ft/sec produced a slightly higher hending
Figure 3-~27
bending .and shear data for the nose-down impact (No.

The results are stmilar except for the

This aspect of the data appears

inconsistent and could relate to vngine-wing modeling.

The comparison of results for many of the conditions analyzed 1s shown {n

table 3-b6.
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320

o 100 S—
s ' ) ) CONDITION o
- - - NO. SYMBOL
[T-]
= &\\ 1 SR 1
T T T
s = n N 1| esrmateo stheneru | | I % - -
£ 50 J < 1 r -
g B % !
(=) 1 .
: 12N -
: B .
2 8 T%\\ r—— -
= - - i
. . é{ ] JC—.
100 200 300 300 500 600 700 800
WING BL. INCHFS
O
300 v S SRR | T Y Y
i CONDITION
. t : NO. SYMBOL
|
250 o - 7 o
\ 9 0
#-\ + — . L]
200 —
A !
™~ ! i
S \‘ ‘
g‘ R v ESTIMATED STRENGTH .
S N \// ] r
100 Y + Q
0 N\ | ‘L g
O IN_ @6 y
50 N— i
~
~ ;
P, o g
= A
4
¢




‘00 v .y L LA
L CONDITION SYMBOL
NO.
S 0 0
= 75 !
x N 1"
. 1A ‘1 ESTIMATED STRENGTH
E IR
= "%
Q
- =
[<-]
= »
g 25 -y
) '%
m" .h
— NJ—-
100 200 300 400 500 600 - 700 800
WING BL, INCHES
300 T T Y .
CONDITION SYMBOL
ﬁ ND.
250 jﬁ- 10 o
\ 1 A
T )
200 i;
“é AN
x <
] 150 4
P \, ESTIMATED STRENGTH
<
: NPT
100 ¥/
O N!0
N
50
~
1\“
100 200 300 400 500 600 700 800
WING BL, INCHES
Figure 3-27. Comparison of Wing Shear and Bending, Conditions 10,
3-27




R N N e v B e Mok il R Y LA e R

'
& o i a0, 35 T

J A .

'SUORIPUOD J0 UONAILISEP 10} Z-E AGE] 3G ()

< e e -’
hwn 25 FAVLA I T h -

“arendosdde seadde )jis s3nsar Yalid 59+ pajiodas Ajsnowaid w 4yl "s’jge
-Mof|e 3yl moyag 1snl Ajgeqoad pue (gL oz. ase3 yayd 49~ Buipuodsaniod ayl ueyy 13moj ase sanjea "y pue °g
Gum ayg -gL az se (sasynd pue ysnia ‘g(7) sinsan u_: wnoqe saanposd (( | "ON) UORIPUGI YSNII DasIAAL 3y ),

~1383u03 duibua ou Yy ou *(49+)

Yaud “(33s/3) G1) pIICS Jus JWES "ysnad
pasiaal sey 11 "ON Buuds ysnid peayyjng
1eab asou buisiaal §a 138443 jJo uosuedwo]
CL'ON 'sA L] ON

‘yibuans aweagiie uywa Aeis 0y aleudolrdde e (3asn) i sdeysad) spaads yurs

tensur samoy ysabbins Aiqeqosd yad 59~ 3yl oy stinsas 2RI 3yl "L oz 104 %uz.._n 218m $asuodsas Sum oN
‘p1 oN 20} syibuass ajgemoje ayd pasaxa 0 ybnoua y6iy ase sanjea : pue 3 6uim ay} “1noybnoay saybiy
Ajjesoudt 18 g} "o 10§ S,AY LR YL WY [T S )7 pue abejasny premsoy ayy utCL < 17 PINpoId 7| "oy ased
31ym | = Ayeau 5,917 abejasny piemio) pue §'| < 5,3(7 0{3snj Ye ul 1[asal g “ON e (%G ~) Ysni

*19eju02 auibua ou ‘Y1 ou ‘(097)

ya:d ‘{28S1) G1) padds yuis awes “ysnia
pasiaai sey O "ON ‘Buuds ysnid peayying
J1eab asou 6uisiaay J0 13ay2 Jo vosuedwo
L ON SAQL ON

yje 538y Apyfitfs pue ysnia abejasny piemuoy ssaf Aj[eIIURISANS $3InPaId (O ON) BORIPLOD SNII Pastal ay)

*sa|qemojje _".SuE_au 8y} 0} pasedwod uaym Apejnaied ‘sasuodsal
E pue g Buwm sayBiy Ajjenuersqns saanpoad g "o “13AMOH (%51 01 § <) S, AV Jaybiy saonpoud ¢ “oN

*3303u03 autbua ou ‘Y ou *{40) yaud aweg
*(733s/14 Q7 ) paads yuis @ pue ysn1d 3jo, sey
§ "ON “paads yuis 335/} ZZ 1€ una s Inq ‘ysnad
pasiaa) sey ¢ "GN “Buiids ysnia peayy|ng

1236 asou 6uisiAal JO 133439 J0 uoSURCWIDY
8ON A [ "ON

°s,717) abejasn} 0} Euuw_ YUM g "0 UCHIPUOI O} Sajenba (/ “ON) UOIPUOI YSTUI Pasiaas pue paads yurs Jaybiy

*10128}
Gunun| e u..._ pinoa siyy "yibuans u_._u;o__u pajewsa o} paredurod jeuibiew sanjea E pue 25 buim ‘1anamoy
'S, AV 13m0} ‘(28D > HI€) 5,317 13moj “ysnad abejasn) piemiog sa) Ul SIINSAD G TON) SHISHIIIILYD YSNID pasialYy

*13R1003 auibua ou pee [o0) yand

(3331} Z2) paads UIS JweS “sAsIANIEIRYD
ST PIO, YUM § “ON “SINSLIAIRIRYD YSNII
pasiaal qUim g "ON “Butids ysnio peayyng
Jeab asou 6131 0 13343 J0 vosSLedWIDY

6 'ON 'SR 8 ON

-1 "0} uonIpUOa 10} Jayby Ayenueisgns Ay pue 2g Guiy “unaze
ysn1d abejasny yead Jayje sjiey pue 1232) YINw $198IU0I auibua PIROGINYD "(PALUBIIEM SI M3IABI (APULL J13YIINY)
13ejua2 punaib saype AjIoys spiep suibua pieoquy "{ “o) UONIPUOI 10) SaSundsar abiejasny 10) IBIWIS 318 S} NSAY

"1j1) 0u pue (40) Yand ‘(3aspy 77)
ponds Juis awies 10} 13eluod punoab auibua ou
$NS13A 1903U03 punoib awbua o uosuedwo?)

L{ONSA | "ON

“JORIU0D puUn0b aulbua Y3 Ing (Z "ON pue | "ON) SU01IPU0D E_»_._a uey) sasuodsa: Bum Jaybiy
20nposd SUGILIPUOD 353y ) "SI|GRMO|[e PAJEWINSA Paaax] alwes 3y} Inoqe " pue Zg BuIp “%QL-G Uyl
S, 317 Pue S,AV "ysnid abejasny piemioy s$3) S20npoad (9 "ON) UGKIPUOI AYIOI3A “pM) ON “Jejiuns aie s)nsay

*1903u02 auibya ou ‘1 ou ‘(D)
yand *(3as£y 7Z) peads yuss aweg “ANJ0jaA
PM} pue AL0J3A pleamio) Cu o uosiedwa )

{ ONSh§ON

“saypip saduanbas yaedus; ‘sajqemoyie seau Ay pue Zg Summ saanposd uoipuod JayneN “0°f = J11
$3Y22a) UGHIPUDI JBYBN (%D1-5) S, AV Jaybiy pus ysma ssa) 'J)7 Jamo) Apybys s3anpoad {5 "ON) 117 jenwy

“yae1z0d anbua

pue {335/ € (1) paads yurs aureg

*{ol+) Youd 2wes ‘6uipeo| 3nweuipozae
|BRIL PUR 1)1) OU SO }33}J3 JO uosuRdWO)
G ON 'SRy 'ON

*Z "ON u0i1puo3 32 sybuans
P3AIXD ING SIYRMO]JE UIYIM u__ 0 Jeadde ¢ “ON UONIPUDI Je Aw pue 2 Buy 33572 | Z 01 23503 4n30
o. __sns.uu 0’4 <17 (%01 ~) AV paseasau) pue ﬁ_:u oW ‘gL < 917 sadnpoad (2 "ON) paads yuis Jaybiy

*1381u02 3nbua *(g]+) yand aweg
‘paads yuis 335/3} (7 pue ZZ JO uosucdwo
£ON'SAZ 'ON

A s pue £5 1ayfity ApyBis Z "oN uoIIpue) §'LZZ 19 10
pieoqui Apejnanaed '(“W) Juawoly Guipuag pue (Zg) sieays Guip 4By 3anpoad suowipusa ylog -(1e) ysnid
410w pue (pMmy) ysnid ssaj AyBlys ‘sawaiixa e s, AT by *(%G1-01 ~) 5,317 19ubry ut nsal (2 ON) yaud gL+

* (9951} 7Z) paads yuis jenba "yeIUGD
auibua ‘gaud oL+ pue o jo uosuedwo]
ZONSa| ON

SINsay JO uoisSNIsIg

(18 UONIPUO] SA Y UORIPUO]
'

SNOTLIGNOD IDVAWI INH¥IJIId ¥Od SIINSTY SASATVNV IO SNOSIYVANOD °9-€ FTAVL

EXEE

3-28

i
i
i
b




Xy (AT CAF L By ]

3.1.2 Air-to~Ground, Gears Extended

An all-gears-extended configuration was analyzed for the following impact

conditions:
Sink Speed (ft/sec) Pitch Attitude (degrees)
1. - 18 . T -6 ) ;
2. : 20 0
3. 18 +6

For all three cases the following assumptions apply:

® No 1ift forces
° Forward velocity = 262 ft/sec
™ Ground coefficient (u) = 0,35
® Main gear failure loads;
Fz, Vertical Force = 428,000 1b.,
Fx, Longitudinal Force = 165,000 1b.
] Nose gear failure loads;

Fz = 130,000 1b., Fx 78,000 1b.

Prior to the analysis of the three no-lift cases, a comparison of 1lift
versus no-1ift was performed for 20 ft/sec sink speed, +1 degree pitch
attitude. Both of these cases, as well as all subsequent runs were for a
period of 0.49 second after impact., With lift forces, the gears withstand the
impact load for a longer time. During this period of time the fuselage loads
are relatively low, averaging about 3g vertically for approximately 0.35
second. Without 1lift, the main gear experiences a failure at 0.146 second
after impact and subsequently the fuselage experiences significantly higher
forces when 1t impacts the ground., The 1ift condition, if run at higher
initial impact velocities, would also result 1in main gear failures and
subsequent fuselage impact with the ground. Thus, the no-1lift analysis allows
for evaluating critical fuselage impact loads in a shorter analysis time. In
all three no~1ift cases, the nose and main gears fail and the fuselage

contacts the ground.
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Table 3-7 compares the fuselage LIC ratios, crush distances, and vertical
acceleration pulses for the -6, ~0 and +6-degree impact attitudes. In all
three impact conditions, an LIC ratio of 1.0 or greater is reached in the
forward, mid, and/or aft fuselage regions. For the -6 degree pitch condition,
the fuselage has crushed only in the forward region. During the 0.49 second
of analysis, the airplane has not rotated onto the mid or aft fuselage. For
the +6 degree pitch condition, the fuselage rotates onto the forward end and
slaps down on the nose., The high-short duration primary response pulses
dnclude this effect. The triangular pulses associated with all three
conditions vary in time duration, acceleration level and change in velocity.
These pulses are plotted on a peak g versus At curve, figure 3-28, With the
exception of the fuselage extremes (i.e., nose location) the change in
velocity assoclated with pulses at limits of fuselage structural integrity are

generally 25 ft/sec or less.
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Figure 3-28. Analytically Obtained Vertical Pulses - Gears Extended Condition
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Table 3-8 shows the wing span—wise bending moment and shear distribution
for the three-pitch attitude conditions. The shear and bending moments are
highest for the O degree condition. The shear values indicate that the

strength of the wing is either marginal or exceeded for some of these

_conditions. The previous analyses predicted high outboard wing shear relative . .

to the estimated strength, which was not confirmed by CID test data. Thus, it

is most likely that the wing strength is satisfactory or at worst marginal for
the three conditions analyzed.

TABLE 3-8. KRASH WING PEAK BENDING MOMENT AND SHEAR RESPONSES

BENDING MOMENT, IN.~LB x 10°
MASS NO. BL A 2 A ESTIMATED ULTIMATE
5 ROOT 33. 48, 41. 75.
11 -118 27.6 29, 25, 50.
12 -271 8.6 18, 18. 30.
13 =430 5.3 8.1 6.7 15.
14 -583 4.5 4.1 3.4 10.
15 -740 <10 <10 <1- 5.
SHEAR, 1B x 10°
MASS NO. -

1-3 BL A A A ESTIMATED ULTIMATE
11-12 0/-118 269. 277. 179. 250.-300.
11-12 -118/-271 84. 142, 123, 200.

12-13 =271/-430 61. 80. 61. 110.
13-14 ~430/-583 32. 54, 48, 40,
14-15 ~583/=740 23. 24, 23. 10.
123 sink speed = 18 ft/sec, pitch = -6 degrees

[25 sink speed = 20 ft/sec, pitch = 0 degrees

Z@S sink speed = 18 ft/sec, pitch = +6 degrees

zﬁ; values are not simultaneous
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3.1.3 Comparison with Previous Air-to-Ground Analysis

The analysis of a medium size transport aircraft (155,000 1b. gross
weight) which is about the size of the L-1649 and about 20,000 1b. lighter
than the maximum design landing weight of the CID test article, was reported

in reference 4. The dimensions of the aircraft analyzed are shown in

‘figure 3-29. The crushing springs used in the reference 4 model are shown-in

figure 3-30. The stiffness series No. 1l was the initlal crushing data used
and the limited deformation distance coupled with excessive force as the

structure bottomed producing unrealistic results. Stiffness series Nos. 2, 3

and 4 included refinements based on drop test results. Reference 4 analysis
results are presented in table 3-9. A comparison of the results for the

15 ft/sec impact with the aircraft in a O degree pitch attitude is shown in
table 3-10. The models show peak vertical accelerations within the range of

9 to 10 g's (Reference 4) and 9 to 10.5 g's (CID model). The LIC ratios for
both models show that the marging of safety at that impact level are between
0.3 to 0.58 (reference 4) and between 0.32 to 0,52 (CID model). The reference
4 model shows generally more crush than the CID model, particularly at the aft
end. Crush is a function of both fuselage contour and fuselage underside
crushing characteristics. Figure 3-31 shows how the two airplane contours
differ, which partially explains the difference in aft fuselage crush. Figure
3-32 compares the fuselage underside crush springs used for the two models.
The CID model appears to provide higher crush energy absorption which would

also tend to reduce the crush distance.
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TABLE 3-9. A SUMMARY OF TEST CASE COMPUTER RUNS (REFERENCE 4)
gta. 15 Sta, 28 Sta, 88 s, ¢° Sta, 98

Angle! | velocity? |  suft- (max g) (max g (max g) (max g) (max @
(dep) (t/nec: ness® Mode't + T - Y - + - + - ry -
0 1§ 3 Flex 20 -1 11 -1 12 -4 8 -7 14 -9

1+2- 10 1 4 “Flex 31 =22 15 -13 0] -8 18 -11 | "18 «11

-5 10 3 Flex 33 -24 | 20 -18 17 -12 | 19 -1 21 -19
+5 15 3 “Rigid 8 -2 7 -2 ] 4 ‘-2 ) ‘-l
+§ 15 3 Flex 38 24| 27 17 | -17 -21 | 22 -12 24 -21
+5 20 3 Flex 38 -23 | 16 -14 14 -16 | 14 -18 22 -22
-5 15 4 Flax as -20 | 17 -10 9 -10 | 10 -10 14 -20
-7.8 15 3 Flex 19 <171 17| 7 18 «13 | 13 =13 22 -26
5° Ramp 3 Flex 34 22| 17 -13 16 -11 | 12 -8 1s -18

Maximum Displacement (Structure Crushed), Inches

Sta, 1 [Sta- 2] S, 3[Sta, 4] Sta. S| Sta. 6 | Sta. 7] Sta, 8] S, ®

(in.) | (ine) | (ine) | (in.) | (ima) | (ine) {in.) (in.) {in.)
0 15 3 Flex 0 10 10 11 11 16 18 34 32
2 i0 4 Flex 1 9 7 6 6 6 11 17 16
5 10 3 Flen 2 ” 4 2 3 20 39 0t 40t
s 15 3 Rigid 13 18 14 12 12 23 36 40t 40t
5 15 3 Flex 2 11 13 5 5 22 40t 4ot 40t
5 20 3 Flex 16 23 20 17 18 40t 407 401 wt

-5 15 4 Flex 1 8 18 21 24 30 34 38 as

-7.8 15 3 Flex 0 18 28 37 40t 40t 40t 40t 40t

5° Ramp a Flex 0 2 10 17 25 401 40t 0t 40?

1 2 Maximum Plus Moment (Compression Top

Angle*| Velocity“| Stiff- {in, =kips)

(deg) | (ft/sec) | neas®| Moded| Sta. 25 | 8ta, 35 | Sta, 4% | Sta. 5% | Sta, 65| Sta, 75 | sta, 85 Sta, 9°
0 18 3 Flex 6,116 9,846 | 11,516 | 10,187 | 16,679 8,832 8,845 8,358
2 10 4 Flex | 12,585 | 23,327% | 32,442% | 37,173% | 58,116% | 35,784% | 28,710¢ 24,024
5 10 3 Flex | 13,538 | 19,995 | 26,804 | 32,316% | 51,816% | 36,783% | 29,047* 23,832¢
s 15 3 Rigid | 16,558 | 29,722% | 39,9764 | 45,4958 | 51,081% | 37,932% | 24,930% 12,8358
5 15 3 Flex | 17,215% | 26,083% | 32,734% | 42,451% | 56,2128 | 58,092% | 45,7368 44,674¢
5 20 3 Flex | 14,277 | 22,427 | 26,855 | 33,524% | 66,815% | 45,180% | 41,449¢ 31,8918

-5 15 4 Flex | 10,842 | 15,029 | 16,282 | 13,790 | 43,077% | 21,160 | 13,489 11,074%

-7.5 18 3 Flex 9,839 | 12,611 | 24,954 | 29,935%| 41,827% | 35,043% | 36,700% 2y, 4338

5° Ramp 3 Flex | 17,8078 | 25,480% | 30,657¢ | 34,596% | 51,195% | 29,215% | 25,760¢ 17,595%

Calculated Allowable M 16,800 | 22,800 | 27,200 | 29,800 | 34,000 | 29,000 | 19,400 10,100

Maximum Minus Moment ( Tension Top)
0 18 3 Flex | -12,307| -20,130 | -24,831 | -20,547| ~32,088| -26,537 | -20,012 -17,749
2 10 4 Flex | -13,926 | 24,448 | -34,534 | -40,6890 | -86,274 | -62,451%] -42,881 «25, 848
5 10 3 Flex | -11,47¢| -15,618 | -25,875 | -31,830 | -35,327| ~36,515 | ~24,026 -17,160
5 15 3 Rigid ~3,888 | ~10,561 | -21,175 | -33,711 | -49,083 | ~42,750 | ~24,008 -12,904
s 15 3 Flex | -16.617] -24,833 | -34,811+ -39,830 | -73,265] -54,590 | -18,886 -36,071
5 20 3 Flex | -18,990 | -25,197 | -29,493 | ~43,764 | -59,279 | -47,235 | -39, 206 -23,503

-5 15 4 Flex -9.868| -16,217 | -28,680 | -33,034 | -38,267| -25,261 | -19,382 -22,073

-7.8 15 3 Flex | -10,433 | -19,833 | -31,972 | -38,854| -26,810| -37,343 | -20,276 -13,320

5° Ramp 3 Flex -4,709 | -7,542 | -11,904 | -12,186 | -19,196| -28,093 | -19,397 «12,479

Calculated Allowable M =16,800 | ~30,000 | -38,000 | -45,000| -80,000| -62,000 | -45,000 ~30, 000

Notes: 1, + impact angle is nose down,
2, Velocity component normal to fuselage.
3, Stiffneass series per Figure 4 (lower fuselage crushing).

4. Flexible mode is 6 mudes with dampening,

5. Reference Figure 1 for station locations.

+ Beyond Floor Level
$ Allowable Moment Exceuoded
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FUSELAGE STATION 187 325 432 546 641 831 384 1087 1249 1484

~ et D
a . & s o s ® ®
i —— i
MASS STATION 1 2 3 4 § 8 7 8
WEIGHT (L8 4705 7475 8488 7887 8591 83,112 11,332 10,100 1124 8,300

(a} REFERENCE 4 AIRPLANE CONFIGURATION

Figure 3-29. Analytical Study, Test Case Model (Reference 4)

TABLE 3-10. COMPARISON OF ANALYSIS RESULTS, SINK SPEED = 15 FT/SEC, O DEGREE

PITCH
FUSELAGE STATION A';‘c‘é'{s‘ﬂ‘,":fn“}g LIC RATIOS CRUSH DISTANCE, IN.
REFERENCE 2 ciD REFERENCE4 | CID | REFERENCE 4 | CID | REFERENCE4 | CID
326 300/350 10 9.0 0.70 055 10 78
432 450 - - 0.67 055 10 8.4
548 540 - - 0.65 0.52 " 63
641 620 (o) 10 105 0.67 0.48 (a) " 8.3
631 ° 820 o) - - 0.42 057 (a) 16 8.7
984 * 980 - - 0.45 056 15 9.3 (c)
1097 1040/1090 8 9.9 0.46 068 34 9.7 (¢)
1249 121011240 - - 0.60 049 2 14 (c)

{a) BULKHEAD CRUSHING
{t) AVERAGE OF TWO VALUES
{c) MAXIMUM VALUE AT END OF ANALYSIS
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Figure 3-30. Lower Fuselage Spring Data - Test Cases (Reference
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Comparison of Lower Fuselage Spring Data
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The comparisons for the nose-up and nose-down impact simulations show
similar trends with regard to each model, although the differences are more
widespread. For example, a comparison of peak accelerations at the same three
locations shown in table 3-10 indicates the differences in the peak
acceleration values as shown in table 3~11, The fundamental bending frequency

-of -the airplane;aescribed in reference 4 is 3.25 Hz, which713~close to the

fundamental bending frequency of the CID test airplane (3.37 Hz). However,
from analytically obtained sample acceleration time histories (figure 3-33)
that are presented in reference 4, it appears that the reference 4 model
exhibits higher frequency responses which account for higher peakrvalues-
Similarly, the comparison for crush and LIC ratios at the two pitch attitudes
shows differences in magnitude, but similar trends. The LIC ratios, shown in
table 3-11, are based on bending allowables which produce tension at the top
of the fuselage shell. The data from table 3-8 indicate that the reference 4
study used lower compression bending allowables; thus, exceedance of strength
was usually due to the compression loads. The CID &nalysis assumes equal
bending strength in compression and tension. However, it does base failure on
combined moment and shear. From the LIC ratios, shown in table 3~11, it 1s
noted that the nose-down impact is in good agreement except for the fuselage
extremes and at the mid-fuselage (FS820). FS820 values for the CID were not
available, thus FS620 values were used in the analysis. In reality, F5820
strength is greater than the strength at either FS620 or FS960 as shown in
table 3-12. With the proper strength values the LIC ratio at FS820 shown in
table 3-11 would be reduced to less than 1.0 and show good agreement with the
reference 4 results. For the nose~up impact, the CID LIC ratios are generally
higher. Table 3-12 ghows the bending allowables used in the two analyses, as
well as the allowable for the smaller airplane if scaled to the strength of
the larger airplane. The scale factor used is the ratio of the fuselage shell
radius cubed. Typical fuselage diameters are 140 inches and 170 inches,
respectively for the two airplanes analyzed. Both the suggested scale factor
and fuselage size were obtained from the mass and size scaling trend study
described in reference 5. It 1is only a guideline and may represent an upper
1imit. However, by using such a factor it can be seen that the CID allowables
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TABLE 3-11. COMPARISON OF ANALYSIS RESULTS

NOSE-DOWN (a) NOS-UP @)
FUSELAGE STATION ;
LOCATION PEAK PEAK
VERTICAL CRUSH ue VERTICAL CRUSH ue
ACCELERATION| DISTANCE RATIO  |ACCELERATION| DISTANCE |  RATIO
o o g T (inches) T 7| @ | (inches)

cio REF. 4 [ CID |REF. 4 |CID |REF. 4| CID -{REF. 4 | C ) [REF. 4 | CID | REF. 4| CID
325 300/350 27 |120 | 15 04| 100|083 | 17 19 | 11 |138{ 083 |1.00

432 480 - |- |2 Jar]orsfore | - |- | 13 | 73] 087|115
1 w48 ] s40 - |- 13 {s52{o0s]oe3] - |- | 5 |ecol| 0s8s]09s
641 620 17 | 70| 401c)| 65]/081 [091| 16 | 8 | 5 | 48] 088 |081
831 820 - | - | @] o9 1.37(dﬂ - | - | 22 [108] 038 |1.1310)
964 960 - | = | s0]17.7] 080 o8l - | - | 401c)|19.1] 0.60 |0.98(0)
1097 | 1o040rm080| 22 |124 | 40ic1|21.0)| 088 f098 | 13 | 7 | 40()|233] 045 |0.84
129 |1210n240] - | ~ | a0 ]21.1]| 12 loss | - | - | 40()|249] 042 [0.83

(a) 5 DEGREES FOR REF. 4; 6 DEGREES FOR CID
(b) 7.5 DEGREES FOR REF. 4; 6 DEGREES FGR CID
{c) BEYOND FLOOR LEVEL

(d) AVERAGE OF TWO VALUES

TABLE 3-12. COMPARISON OF ULTIMATE BENDING MOMENTS

REFERENCE 4 ULTIMATE CID ULTIMATE REFERENCE 4 DATA SCALED
F.5. LOCATION (in-l(ips) (in-l(lpl) (8)
COMPRESSION| TENSION TENSION = COMPRESSION | COMPRESSION | TENSION
325 350 16800 16800 39000 29000 29000
432 450 22800 30000 45000 39398 51840
546 540 27200 38000 50000 47000 65664
641 620 208n0 45000 62500 51494 77780
831 820 34000 80000 {b) 58752 138000
964 860 29000 82000 86000 50112 107000
1097 1080 19400 45000 75000 33523 77760
1249 1210 10100 30000 50000 17280 51840
{a) SCALED FACTOR = 1728, 0 = Mc/l = MI)'3 (b} USED FS620 VALUE, SHOULD BE 2 FS860 VALUE
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are reasonable, although somewhat high, except at FS820 for the reasons stated

: earliér.

Figure 3-34 shows a comparison of initial impact velocity versus pitch
attitude at the limit of airplane airframe integrity generated from the two
analyses. Despite some differences between the two‘approachés (1-e;, cbmbuterr
programs, airplane configurations, crush characteristics) the curves still

show a similar assessment.

286
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cip CID ANALYSES

[ ANALYSES
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T P
7
200 — pd li\\ —
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PITCH ATTITUDE, DEGREES

Figure 3-34. Airplane Impact Velocity Versus Pitch Attitude,
Afir-to-Ground Scenario

3.2 COMBINED LONGITUDINAL-VERTICAL PULSE
For the air-to-ground conditions analyzed in this study, the magnitude of

the floor longitudinal pulses are relatively low in relation to the vertical
pulse. This is due primarily to the fact that the impact attitude is shallow
(£ 6 degrees) and thus the longitudinal acceleration is approximately equal
to the coefficient of friction times the peak vertical acceleration. As the

impact angle increases, the relative magnitudes of the longitudinal and
3-42
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vertical pulses become closer. The L-1649 test (reference 6) results, which
were obtained for 6-degree and 20-degree slope impacts, illustrate this point.
As the impact angle increases, the longitudinal pulse would dominate (i.e.,
90-degree slope or wall). This trend is illustrated in figure 3-35. However,
the magnitude of the longitudinal pulse does not necessarily lucrease as the

~ effective longitudinal velocity change (AV) increases, as was observed from
the L-1649 crash test results, shown in figure 3-36.

‘In the L-1649 test there were two distinct ground impacts: a 6-degree -
impact by the ajrplane moving at a forward velocity of 172 ft/sec (ENV* = 18.4
ft/sec); and a 20-degree slope impact by the airplane woving at a forward
velocity of 110 ft/sec (ENV = 37.6 ft/sec). In the latter impact, the
airframe's structural integrity was exceeded, as noted by failure of the
fuselage shell at two locations: aft of the cockpit and aft of the wing
trailing edge (figure 3-37). From figure 3-36 it can be noted that the peak
acceleration at an airplane cockpit location, FS195, is approximately 20g for
both the 6~ and 20--Cegree slope impacts, despite the fact that the effective
longitudinal velocity resulting from the latter impact is approximately 30
percent higher than the effective velocity change (AV) associated with the
impact onto the shallower slope. At the mid-fuselage station (¥S685), the
response shapes are similar and magnitudes are nearly equal, despite the
latter having a longer duration and, consequently, a higher effective
longitudinal AV. The ramp impact represents a ground-to-ground impact
condition which provides both vertical and longitudinal pulses of substantial

levels.

3.2.1 Ground-to-Ground Analysis

Several preliminary computer simulation runs were made to investigate

responses for a ramp impact. The stick model, three views of which are shown
{n figure 3-38, was used. The ramp angle (4.4 degrees) and forward speed
(3140 in/sec) were constant for these initial runs, so that the ENV is

WS

oSl

approximately 20 ft/sec for all cases. Nine cases are tabulated in table

2

3-13. For this type of impact, it was found that the treatment of the

i bl

*ENV = Effective Normal Velocity = product of forward velocity and sine of
ramp angle
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Figure 3-36., L-1649 Measured Longitudinal Pulses at Two Locations
and for Two Impact Conditions

Figure 3-37. L-1649 Wreckage Shows Two Fuselage Breaks
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TABLE 3-13. PRELIMINARY RAMP IMPACT CASES

NOSE SPRINGS (FS 300) GROUND
LOAD DEFLECTION CURVE COEFF.
CASE {FiG 3-39) GROUND FRICTION
No. c 0 Kp FLEXIBILITY 7
R 20 24 , 50,000 ~ RIGID 10 B
2 10 24 50,000 RIGID 1.0
3 20 24 50,000 1X 1075 IN1B 1.0
i | s n . u /50000 | 4x10°5mNnB 10 |
5 44 30 100,000 RGD 1.0 ‘ i
6 10 18 50,000 RIGID 10
7 44 18 100,000 RIGID 1.0
8 44 18 100,000 RIGID (b) 1.0
g 44 18 100,000 RIGID (b) 05
() SLOPE ANGLE - 4.4°
FWD. VELOCITY - 3140 IN/SEC
_ENV = 3140 (SIN 4.4°) = 20 FT/SEC
(b FOR CRUSH SPRING AT FS 188, “D" = 10

A .
200000183

CRUSH SPRING
AT FS 300 (MASS NO. 2)

{ ) DENOTES DEFLECTION VALUES

100,000 H

LOAD. LB.

CRUSH SPRING
AT F5 199 (MASS NO. 1 Ky

|

\ X

i 5.000 y L

; T T
-

I | i 1 1 ) | 1 1 I

UEFLECTION, INCHES
Figure 3-39. Nose Gear Bulkhead Crush Spring Characteristics
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nose gear bulkhead crush springs can significantly influence the results.
Figure 3-39 shows the characteristic crush springs used for the nose gear
bulkhead representation. The nose gear crush characteriétics fdr cases 8 and
9, in table 3-13, were used for the previously reported alr-to-ground impacts.

For those conditions, deflections at masses 1l and 2 were not high enough to

" cause spring, K, to bottom., However, for the ramp impact, the influence of
- impacting the nose section and deflecting the spring sufficiently to bottom it

out (particularly at FS199) produced loads which exceeded the airfame
capability (LIC > 1.0) by substantial margins. Based on the L-1649 ramp.
impact test results (reference 6), the deflections at the forward region
appeared excessive. Based on the test results, reported in reference 4, the
KRASH model representation of the nose gear bulkhead region crush did not
appear to provide adequate energy absorption. The test and analysis results
are reported in reference 4 and were discussed in more detail earlier in this
gection. The nose gear bulkhead is assumed to fall after the initial peak
loads of 100,000 1b. and 200,000 1b. at FS199 and FS300, respectively, are
reached. Thereafter, the load-carrying capability is considered to be
significantly reduced. Because of the possibility that the load-carrying
capability was reduced too drastically, variations in these two crush (FS199
and FS300) characteristics were investigated along with the effect of flexible
ground. The latter is realistic since the L-1649 impacted on an earthern
slope. Case Nos. 1 and 4 are considered to be more realistic representations
than the initial runs (cases 7, 8, 9). The LIC ratio, fuselage crush and peak
acceleration data obtained from these two conditions, along with case No. 8
results, are shown in table 3-14. The acceleration values shown in table 3-14
do not necessarily occur simultaneougly and the base duration of triangular
pulses are generally less than 0.150 second, particularly for the higher peak
values. Case No. | values appeatr to provide a closer match to the L-1649 test
results. Case No. 4 values appear to be low and may reflect too much ground
displacement. When the ground flexihility is stiffened (case No. 3, table
3-13), the acceleration peaks values increase approximately 30 percent and

20 percent for the vertical and longitudinal directions, respectively.
However, the LIC ratios generally reflect the same overall magnitudes,

although there are individual changes.
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Acceleration time plots for case No. 1, table 3-14, for the vertical and
e longitudinal directions are shown in figures 3-40 and 3-41, respectively.
Case No. 1 shows LIC values greater than 1.0 at two locations (FS1090,
FS1160). Both results are considered to be on the high side. Figure 3-42
shows the analysis results versus the LIC curve used in the analysis, as well
"~ as the correct curve which'isiapproprihte for FS51080. The LIC value (1.08)
‘would reduce 10 pP“ . with the corrected curve. Furthermore, the results
are seusitive to the osope of the LIC curve in the region shown. If, for
oz “example, My and Sz values of. 75,000 in-1bs and 250,000 1b were. extended aad .no
interaction line used, the LIC ratio would be closer to 0.75. Similarily,
figure 3~43 shows the LIC curve at FS1160. As shown, the margin is -.02.
Projecting the My and Sz values without the interaction, as was done for

figure 3-42, results in a 0.80 LIC ratio.

A review of LIC curves at other fuselage stations indicated that even if
the curves were revised as noted to decrease the LIC ratios to 0.75 or 0.80
at these two locations, the most critical location would be at the forward
fuselage FS540. The margin there would be +0.09 instead of +0.(6 (LIC =0.94)
as noted in table 3-14., Thus, the case No. 1 results (LIC = 0.91) are
interpreted as wmarginal with regard to fuselage strength. Subsequent ramp
impact analysis, described later in this section, are run at a higher ENV to
account for the LIC curves possibly resulting in somewhat higher ratios in
some locatinns. 1f the LIC data 18 changed in the model the comparison with

earlier air-to-ground results would be distorted.

Figure 3-44 18 a cross—-plot c¢f the associated velocity changes in the
vertical (AVZ) and longi.udinal (ANX) directions. The velocity change values
are obtained for an approximate 200 msec duration and can be taken at several
perlods in each run for different combinations of AVx and sz. The ramp
analysis results are superimposed on the air-to-ground analysis results in

figures 3-45 aad 3-46 for accelaration and crush, respectively.

* Subsequent to the preliminary ramp impact runs described, additional

analyses were performed to investigate various ramp impact conditione. Three
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TABLE 3-14. PRELIMINARY RAMP IMPACT ANALYTICAL RESULTS Fi
CASE NO. :;,
1 4 8 ' :Z:
LC RATION F.S. - B
T a0 T o047 | - o4 - - 220 - by
380 . : 0.92 0.98 A 1.95 X
450 0.8¢ " 0.88 1.24 o
480 0.80 0.99 119 e
] . 540 | 094 105 I R E Y e
‘ 600 ' 0.82 0.91 - 1z 1
620 0.76 0.73 1.02 =
960/960 0.7/0.79 0.71/0.8 0.8/0.82 o
990 0.86 0.87 10 W
1080 1.08 1.01 1.08 e
1160 1.02 0.98 1.03 W,
1210 0.89 0.93 0.9 1
1320 0.88 0.4 0.88 o
140071400 0.93/0.77 0.74/0.97 | o0.85082 R
CRUSH (IN) @ FS (INCLUDES GROUND CRUSH DISTANCE) *"'3.
199 8.0 100 (4) 14.3 L'
300 14.0 15.2 8) 17.0 )
480 8.4 106 (5) 9.7 oy
620 5.8 9.0 (8) 6.1 )
820 15 12.2 (10.4) 6.3 b
960 13.8 18.8 {10.4) 1.1 o
1040 16.3 215 (2.3) 13.1 i
1200 13.5 184 (3.0) 48 0
1400 ;::1
{a) PEAK ACCEL. @ F.S. e
199 (1) 20.5/11.2 12.0/5.3 30.7/1.8
300 (2) 10.8/8.3 8.6/5.3 21.5/9.4 b
460 (3) 14/5.5 5.2/5.1 11.3/6.5
620 14) 5,4/5.8 3640 12.3714.8 A
820 (5) 5.1/5.4 4,048 8.5.3 .
960 (61 8.1*/6.8 4447 8.6/5.8 Wy
1040 (7) 10.3*/8.8 4445 8.3*16.4* i
1200 (8) 9.1°16.7 6.214.5 11.1°16.0 o
| 1400 (9) 13.6.5 10.6/4.3 11.15.9 ;,.-
(s) DENOTES MASS NUMBER UNFILTERED DATA, VERTICALILONGITUDINAL "
* SHARP .010 DURATION PEAK bV
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Figure 3-40. Baseline Stick Model - Vertical Pulses
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Figure 3-41. Baseline Stick Model - Longitudinal Pulses
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ramp angles were considered: 20, 8.8 and 4.4 degrees. The cases considered
‘are tabulated in table 3-15. 1In all cases the forward speed of the vehicle
was allowed to vary in order that the ENV could be maintained at 25 ft/sec.The
forward speeds of the vehicle are 73.1, 163.4 and 325.9 ft/sec for ramp angles
77 "7 of 20, 8.8 and 4.4 degrees, respectively., - - - ;"f ST mes —e s e s s

Typically, the analytically determined vertical response of the airplane

,‘
LR 7 oy A>T e
e i ™ I R R W ™ R i

. to a ramp impact 1s an initial acceleration peak immediately after impact with
—fhe.ramp and then a secondary ﬁeak 0,10 to 0.20 second following the initial
ramp impact. This second peak occurs when a crush spring "bottoms.” In some N
cases, a third acceleration peak 18 evidenced within the time period '
investigated as the vehicle rotates and the aft section impacts the ground. 8

Vertical acceleration response histories of forward, mid, and aft fuselage d
section masses are shown in figure 3-47. The amplitude of the initial peak of ?ﬁ.
the forward section mass varies as the forward speed of the vehicle; 7.9g for . ' ég
the 20 degree ramp case compared to 19.8g for the 4.4 degree ramp case. The ﬂ&
second response peak of the forward section mass appears to be a function of ii
the ENV since the amplitude remains relatively constant for the three cases, ﬁk
26.8g,'22.3§, and 22.7g for ramp angles of 20, 8.8, and 4.4 degrees, :g
respectively. ‘:
ii

The longitudinal respounse characteristics of the vehicle are not as well 5:
defined as the vertical response characteristics, see figure 3—~48. Only in f&
the 4.4 degree ramp impact case are the longitudinal characteristics similar :4
to those of the vertical response, j.e., an tnitial response peak followed by . ii
a second peak 0.15 gsecond later. Neither of the other two cases predict an ;‘
initial impact peak and only the 20 degree case predicts the large second e
peak. :J
Maximum vertical and longitudinal response peaks for the 20, the 8.8 and 'fi

the 4.4 degree ramp caseg are summarized in table 3-16, columns 1, 3, and 6, #E
respectively. The peak values shown occur at different times in the runs and gﬁ
not simultanenusly. The base duration of the peak amplitudes are generally qi
less than 0.10 second. AT
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TABLE 3-15.

RAMP IMPACT CASES

RAMP FWD GROUND
ANGLE VEL ENV* FLEX
| (DEG) | (FT/SEC) | (FTISEC) | _ANAB) | . REMARKS
200 73.1 25.0 - BASELINE MODEL
20.0 1100 376 - BASELINE MODEL
8.8 163.4 25.0 - BASELINE MODEL
8.0 2350 | 327 ‘— " | BASELINE MODEL
6.0 177.0 185 - BASELINE MODEL
44 325.9 25.0 - BASELINE MODEL
20.0 73.1 25.0 - ROTATE MASS 1 — 20 DEG. NOSE UP
8.8 163.4 25.0 - ROTATE MASS 1 — 8.8 DEG NOSE UP
44 3259 25.0 - ROTATE MASS 1 — 4.4 DEG NOSE UP
20.0 731 25.0 - BASELINE MODEL WITH PLOW FORCE = 1 X 109 (LB)
AT VERTICAL SPRINGS 1 AND 2 FOR FIRST 0.1
SECONDS OF RUN.
20.0 73.1 25.0 - MASS NODE 1 ADDED WITH HORIZONTAL SPRING.
K1 SPRING SET.
20.0 73.1 25.0 - MASS NODE 1 ADDED WITH HORIZONTAL SPRING.
K2 SPRING SET.
20.0 73.1 25.0 - MASS NODE 1 ADDED WITH HORIZONTAL SPRING.
K3 SPRING SET.
20.0 73.1 25.0 - MASS NODE 1 ADDED WITH HORIZONTAL SPRING.
K4 SPRING SET.
20.0 73.1 25.0 4 18 X 10-5] BASELINE MODEL WITH MASS 1 ROTATED 20 DEG.
NOSE UP
20.0 73.1 25.0 4 18 X 10-5| MASS 1 NODE ADDED WITH HORIZONTAL SPRING.
K1 SPRING SET.

*EFFECTIVE NORMAL VELOCITY
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Figure 3-47. Stick Model Vertical Acceleration Histories
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TABLE 3-17. MAXIMUM L1C RATIOS
 COLUMN 1 2 3 4 5 8 7 8
BASELINE MODEL MASS 1 ROTATED
7 ) SPRING SET K1 K1 K1 K1 K1 Kl K K1
o ENV (FT/SEC) 1 25 378 | 25 327 185 25 2 25
TTOTT T TE T WD VEL (FTISEC) ) 12 ] w0 ] w834 | 235 177 | 3258 730 ] 1834
. RAMP ANGLE (DEG) 20 20 8.8 8 6 44 20 8.8
~ - - — - _FUSELAGE STATION . R e IS { E
300 175 325 161 197 50 a 172 1.59
350 162 1.79 138 1.95 90 22 165 132
450 1.89 1.82 145 183 87 1.08 173 142
480 1.14 145 132 133 78 107 118 1.32
540 118 1.55 1.41 143 78 1.10 117 142
800 1.07 135 1.26 127 n 100 1.08 126
620 84 107 89 198 5 219 89 88
820 112 1.49 122 168 74 173 113 1.21
820 125 174 134 156 82 91 1.26 133
960 68 9 7 93 56 83 8 bz
960 - 63 8 84 92 57 75 84 83
990 { 88 108 70 107 £7 88 88 89
1080 , 79 1.08 75 146 n 85 78 74
1160 5 1.03 73 138 12 94 75 n
1210 58 112 84 110 79 1.02 57 82
1320 59 137 84 1.44 78 1.01 57 83
1400 86 191 82 1.96 83 1.08 82 81
1400 n 1.32 20 159 68 1.09 72 81
COLUMN 9 10 " 12 13 14 15 16
foou MASS 1 NODE ADDED rOROUND
SPRING SET K1 K1 K1 K2 K3 K4 LKl K1
ENV (FTISECH 25 25 25 % 25 % % 25
FWD VEL (FTISEC) 325.9 73.1 731 73.1 73.1 73.1 731 731
RAMP ANGLE (DEG) 44 20 20 20 20 20 2 20
FUSELAGE STATION
300 40 1.45 1.68 1.64 1.66 1.68 1.18 1.15
350 91 157 1.04 1.05 102 1.08 1.12 118
450 105 167 122 123 117 1.22 1.24 133
480 1.08 112 100 1.02 98 1.02 1.11 107
540 111 1.12 1.04 1.08 104 1.05 1.10 107
800 1.02 1.05 93 85 82 95 1.04 1.00
620 2.21 a0 83 84 81 84 86 86
820 173 114 100 1.01 94 1.02 1.10 1.04
820 91 128 112 113 1.10 1.14 1.23 1.18
960 83 70 57 57 59 56 59 58
960 78 85 50 49 57 48 A7 50
980 88 70 54 52 68 52 80 88
1080 96 8 80 62 56 62 A8 52
1180 85 78 57 58 82 58 48 49
1210 1.01 59 50 57 51 56 48 44
1320 101 59 43 56 60 56 48 A5
1400 1.08 64 54 59 72 59 50 48
1400 1.08 X 58 A8 44 48 43 37
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The LIC ratios for the 20 and 8.8 degree ramp impact cases (see

~ table 3-17, columns 1 and 3) indicate a general failure (LIC > 1) in the

forward sectione of the airplane. In the 4.4 degree impact case (table 3-17,

column 6), the analysis indicates that a major failure of the mid-section at

————— -F8620 (LIC->-2) occurs-and also -marginal failures-of the nose and.aft sections
- (LIC ratios between 0.9 and 1.1). The high load at F$620 is produced when the

crughing deflection at that station exceeds 10 inches. At this deflection the

___spring bottoms and becomes very stiff, thus producing very high loads for

‘small increases in deflection. The LIC ratins for the 4.4 degree ramp are
higher from FS620 to FS51400 when compared to the 8.8 degree and 20 degree ramp
results. This trend at first impression would appear inconsistent. However,
for the same ENV, the airplane forward velocity 1is almost 2 to 5 times faster.
For the shallower (4.4 degree) ramp angle condition, the mid-fuselage contacts
the slope (masses at FS300 and 460-960 do make ground contact at t = 0.0) at
‘about .080 second after initial airplane contact with the ground. The FS620
spring forces continue to act for about 0.150 second thereafter, during which
time the vertical velocity change at that location 18 noted to be 250 in/sec

( ~21 ft/sec)., For the shallow ramp condition, the aircraft is completely on
the ramp at the conclusion of the analysis (t = 0.48 seconds). Conversely,
for the steep (20-degree) ramp condition only a portion of the airplane
(¥5199-460) has traversed the ramp during this same time period. For this
condition the mid-fuselage stations (FS620 - FS960) along with the nose
section (FS199) make initial ground contact. The FS$620 spring barely stays in
contact with the ground and doas not contact the sloped portion of the ground.
During the time the spring at FS620 is in ground contact, the normal velocity
change is minimal. The analysis results, if representative of the actual
conditlon, would suggest that for a specified ENV the location of the critical
LIC ratio could vary as a function of ramp angle as is depicted in

figure 3~49. The LIC's in the KRASH model are related to vertical shears and
bending moments. Thus, at a 90 degree ramp angle the forces should be
primarily axial and the vertical loads are expected to reduce, hence the
projection of low LIC's at 90 degrees., Similarly, for a zero degree ramp the
vertical forces theoretically would be small as the airplane slides, and thus
there would also be no significant vertical shear or bending moments

(LIC's = 0).
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On the other hand, the analysis could be predicting this trend as a result "‘-?;,',

£

of modeling the contact regions too rigidly. The air-to-ground ;l-_6 degree

pitch attitude impacts also showed significant airplane rigid body rotation ::‘,
1

after initial impact. The relative positions of the aircraft at t = 0.48 :2::;
£

seconds for the three slope impacts are shown in figure 3-50. Maximum :1;
i .'.!..

crushing deflections are summarized in columns 1, 3, and 6 of table 3-18 for i
the three ramp cases. Note that the crushing deflection is fairly uniform :
over the length of the fuselage in the 4.4 degree ramp case. In the 20 degree “‘;
i

ramp case, however, the major crush takes place in the forward and aft 'i"
sections of the fuselage as the vehicle rides up the ramp and rotates thus
LRI

causing the aft section to impact the ground. The KRASH model representation :‘..::
O

of the fuselage underside crush could be too stiff and therefore causing toc J:‘,
)

much rotation for the higher ramp angle impacts. ',::
The energy distribution at the end of each of the three cases is ,}ﬁ
summarized at the top of page 3-62. ;§}
Yo

‘=
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Stick Model Mass Position Plot
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TABLE 3-18. MAXIMUM CRUSHING SPRING DEFLECTIONS
1 )
COLUMN 1 2 3 4 5 8 7 8
BASELINE MODEL MASS ROTATED
SPRING.SET ol o« K K1 X K1 Ki K
ENV (FT/SEC) 25 378 25 32.7 185 25 25 25
FWD VEL (FT/SEC) 731 10 1834 235 w 3269 731 1634
RAMP ANGLE (DEG) % 20 88 8 6 a4 20 88
FS SPRING ' -
AXIS
199 ] 16.1 235 . . . - . -
189 3 37 36.7 0.9 327 105 247 339 308
a00 3 79 2.7 27.2 01 133 285 80 268
60 3 i} 84 128 165 55 203 - 129
620 3 02 0.2 8.1 124 27 130 0.1 59
820 3 0.3 04 740 108 42 83 04 6.8°
960 3 11 10 8.4° 135 9.2¢ 109 11 8.2*
10435 3 105 105 75 15.1° 109" 143 104° 72°
12011 3 19.2 208 136 130° 10.6 138° 19.0° 138
1400 3 11 4 . - - - - -
* END OF RUN VALUE
COLUNN 9 10 " 12 13 14 15 18
MASS PLOW GROUND
ROTATED FORCE MASS 1 NDOE ADDED FLEXIBILITY
SPRING 467 K1 K1 K1 K2 K3 K4 K1 K1
ENY (FT.SEC) 25 26 2% 2 25 25 25 25
FWD VEL (FTISEC) 3259 73.1 731 73.1 73.1 73.1 73.1 734
AAMP ANGLE (DEG) 44 20 20 20 20 20 20 20
FS SPRING
AXIS
199 1 . . 23.7 228 424 28 . 223
199 3 28,6 222 18.2 18.0 22.1 170 30.1 227
300 3 28.4 a2 0.8 10 a5 12 108 0.8
480 3 20.2 . ) . - . 01 .
820 3 130 08 0.2 6.2 02 0.1 02 0.1
820 3 84 05 0.8 06 04 06 03 02
960 3 10.9 10 08 08 08 0.8 05 05
10435 3 143° 104° 8.7 9.2 101 9.1 120 1.8
1201.1 3 128° 189° 18.4 173 185 17.1 18.8° 19.4°
1400 3 . 08 0.1 . 0.4 . 08" 1.3°
* END OF RUN
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In each of the three baseline cases, the dominant energy dissipation mechanism
is the friction between the crushing springs and the ground, ranging from

24 percent to over 50 percent of the total energy of the system.

o Comparing the baseline results with available data measured on the L-1649.
' revealed that the relatively large longitudinal acceleration response pulse
present in the forward section of the L-1649 (particularly at the 20-degree
slope impact) was not obtained in the baseline analyses (see figure 3-36).

Modifications were made to the B720 stick model in an attempt to duplicate
the large initial longitudinal acceleration pulse observed in the L-1649 data.
The model changes investigated are listed below. The results of runs made
with each of the modifications are tabulated in the referenced columns of
tables 3-16, 3-17 and 3-18.

(1) Mass 1, and therefore the spring attached to mass 1, was rotated
nose~up an angle equal to the ramp angle. Thus, the vertical
(direction 3) crushing spring is initially oriented normal to the
ramp. Results for ramp angles of 20, 8.8 and 4.4 degrees are
tabulated in columns 7 through 9.

(2) Mass 1 was rotated aad a plowing force of 100,000 pounds was applied
to mass | and mass 2 crushing springs. Results for a ramp angle of

20 degrees are tabulated in column 10,

(3) A massless node was added to mass 1. The horizontal crushing spring
(direction 1) previously attached to mass 1 was moved and attached to
the new node. The node was located such that at the time of impact,
both the horizontal spring attached to mass 1, node 1 and the
vertical spring attached to mass 1 were in contact with the ramp.

Results for a ramp angle of 20 degrees are tabulated in column l1.
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(4) The load deflecticn curves for the crushing springs attached to
mass l; mass 1, node 1; and mass 2 of the modification (3) model were
altered. The baseline load deflection curves, see figures 3-51 and
3-52, are referred to as the Kl spring set, while the three
modifications investigated are called the K2, the K3 and the. K&
spring sets (see figures 3-53 through 3-55). The results for three
modified spring sets and a ramp angle of 20 degrees are tabulated in

columns 12 through l4.

(5) A flexible ground (flexibility = 0.0000416 inch/pound) was added to
the modification (1) and the modification (3) models. The results
for a ramp angle of 20 degrees are tabulated in colummns 15 and 16.
This representation tends to result in lower response amplitude since

the ground as well as the structure deforms.

Although a broad range of modifications were applied to the baseline
model, the large initial longitudinal acceleration response pulse at the
extreme (nose) forwvard section of the fuselage apparent in the L-1649 data
could not be simulated. However, the longitudinal pulse magnitudes throughout
the remainder of the ailrcraft show agreement between analysis and measured

responses during the length of analysis time investigated.

The overall response characteristice of the B=720 stick model for wvarious
ramp impact conditions were determined. Except as noted, the characteristics
determined were, in general, consistent with those observed in the L-1649
data. The stick model representation, however, may not have been of
sufficient local detall to adequately predict che initilal forward section
longitudinal response pulse as seen in the L-1649 regponse data. Equivalent
triangulat pulse response levels were determined from the longitudinal and
vertical rcesponse histories of the various stick models considered in this
study. Response levels for model masses 1, 3, S and & are shown in figures
3-56 and 3-57.
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Figure 3-57. Vertical Pulses Obtained from Ramp Impacts
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Tables 3-15 through 3-18 also contain analytical results for three
additional impact conditions:

1, 6-degree ramp, ENV = 18.5 ft/sec, forward velocity = 177 ft/sec
2. 20-degree ramp, ENV = 37.6 ft/sec, forward velocity = 110 ft/sec
-3+ --8-degree ramp, ENV = 32.7 ft/sec, forward veloeity = 235 ft/sec

The first two conditions are assoclated with the initial and second slope
impacts for the L-1649 crash test (Reference 6). The latter condition is the
impact associated with the DC-7 crash test (refefenée 7). Note that both the
KRASH analysis and the L-1649 test results for the 6-degree slops impact
indicate that no fuselage failure would have occurred. The analysis results
indicate strength margins of at least +0,10. The 20-degree and the 8-degree
slope impact conditions noted above did result in forward fuselage and
subsequent rear fuselage failures during the respective crash tests. The
analysis for both impacts show the likelihood of substantial failure occurring
in both locations, as can be noted by the high LIC ratios. Acceleration
history plots for these conditions are noted in figures 3-58 and 3-59 for the
vertical and longitudinal directions, respectively. Figures 3-60 and 3-61
show the acceleration, At, AV relationships for the aforementioned additional

thiee cases.

3,2.2 Full~Scale Test Data
The full-scale crash tests of the L-1649 (reference 6), in particular,

and the DC-7 (reference 7), to a limited extent, provide the most meaningful
combined vertical-longitudinal floor pulse data for medium sized transport
airplanes. The CID (reference 8) being an air-to-ground impact resulted
primarily in vertical pulses significantly higher than the corresponding
longitudinal pulses. The magnitude of the longitudinal direction pulses was
predictably related to the magnitude of the vertical pulses by the ground
coefficient of friction. The floor accelerations obtained from the CID test
were integrated. The change in vertical velocity associated with the
accelerations pulses measured along the floor varied from 9 ft/sec to 21

ft/sec at initial fuselage impact. Two typical pulses, a cockpit floor
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Figure 3-58, Baseline Stick Model Vertical Acceleration Histories
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location {BS228) and a forward fuselage floor location (BS54Q0), are shown in
figure 3~62, along with the calculated change in velocity, AV. The L-1649
floor ulses were obtained by integrating the acceleration time histories for
both a 6~degree and 20-degree slope impact by the inch. The change in
longitudinal velocity for che 6-degree slope impact‘varied from 14.2 ft/sec to
"28.7 ft/sec in the passenger region and was 26.8 ft/sec in the cockpit. The
-corresponding change in vertical velocity for this same impact conditions
varied from 14.5 ft/sec to 22,7 ft/sec in the passenger region and reached
31.2 ft/sec\in the cockpit. The L-1649 impact floor pulses and velocity
changes for the 6 degree slope are shown in figure 3-63. For the 20-degree
slcpe impact, the L-1649 floor longitudinal pulses show a change in velocity
~from 15 f:/seg to 26.6 ft/sec in the passenger region and approximately 35
ft/seg in the cockpit. The corresponding vertical velocity change was 15
ft/sec in the passenger region and 39.5 ft/sec in the cockpit. Two major
fuselage breaks occurred during the 20-degree slcpe impact. The 20-degree
slopelfloot pulse data and associated calculated veloclity changes are shown in
figures 3-64a and 3-64b. Ccrresponaing floor pulse data for the DC-7 test are
only available from the cockpit for the 8-degree slope impact. These data are
shown in figure 3-65. A summary of velocity change data obtained from both
the L-1649 and DC-7 tests are shown in table 3-19. Composites of the vertical
and longitudinal triangular shaped pulses from all three (L-1649, DC-7, CID)
full-scale crash tests are shown in figures 3-66 and 3-67, respectively.
Figuire 3-66 alsc ccntains measured pulses from fuselage section vertical drop

tests.,

3.3 LONGITUDINAL PULSE

The air-to-ground impacts onto a rigid surface provide predominately
vertical pulses. The longitudinal forces that will be developed for this type
of condition, particularly within a pitch range of +6 degrees, will normally
be related to the ground coefficient of friction (4). For metal-to-~concrete
contact, a coefficient of friction of 3.3 to 0.5 is generally used. In order
to develop substantial longitudinal forces, the impact will have to be to a
sloped mound or the terrain will have to be extremely soft such that the u can
incrrase to 1.0 or more. The extreme case with regard to a pure longitudinal

force, would resuit from a head-on collision with an obstacle, such as a
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TABLE 3-19. FLOOR PULSE VELOCITY CHANGES OBTAINED FROM
THE L-1649 AND DC-7 TESTS

L1648 TEST

SIX-DEGREE SLOPE IMPACT — NO FUSELAGE FAILURE

COCKPIT (NOSE) RESPONSE MID-FUSELAGE CABIN RESPONSE
A Vg = 31.2 FTISEC AVz = 145-22.7 FTISEC
A Vy = 26.8 FT/SEC AVy = 14-28.7 FT/SEC

TWENTY-DEGREE SLOPE IMPACT — FUSELAGE FAILURE (RUPTURE)

COCKPIT (NOSE) RESPONSE MID-FUSELAGE CABIN RESPONSE
A Vz" 395 FT/SEC AVz - 13-15 FT/SEC

A Vy = 35 FT/SEC A Vy = 16-26.6 FT/SEC

DC-7 TEST

EIGHT DEGREE SLOPE IMPACT ~ FUSELAGE FAILURE (RUPTURE)

COCKPIT (NOSE) RESPONSE MID-FUSELAGE CABIN RESPONSE
A V7 = 4€.8 FTISEC
AVy = 24.8-488 FTISEC NONE AVAILABLE
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mountainside. Thus, if the axial crushing characteristics of transport
airplane sections were available, an estimate of the responses in the

longitudinal direction could be made.

-3.3.1 'f--Specimen Test Data - o : T T

Cylinder axial crush tests were performed and the results are reported in

reference 4. A summation of the tests are as follows: three types of

specimens were drop~tested, cylindrical sections were tested to represent

fuselage axial collapse and crushing, partial cylinders were tested to
represent vertical collapse of fuselage structure below the passenger floor,
and a structurally complete nose section (except for the nose landing gear) of
a jet transport was tested to determine the vertical collapse characteristics
of the structure. The axial cylinder structural configurations are shown in
figure 3-68, The test results are shown in table 3~-20. The collapse
characteristics of three types of axial cylinder construction was similar in
that accordian collapse was typical. Stringers required higher loads to
collapse while the hat section stiringer, close spaced frame cylinder provided
the most effective configuration. The maximum energy absorbed was only 92,500
ft-1b per foot crushed (Cylinder No. 3).

One type of failure that could seriously affect crashworthiness occured
on the zee-stiffened cylinder. A longitudinal skin splice was opened during
two separate drops. A fallure of this type can open up a large gap in the
fuselage which could then allow an excellent path for ingestion of foreign

material.

The tear resistance of typical built-up, plate-stringer lower fuselage
shell sturcture 18 affected by the skin material and the longitudinal
stiffener, or stringer spacing to a great extent. Stringer material is of
lesser consequence. Thick, ductile skin with closely spaced stringers appears
to be the best combination. The thick skins resist puncture and the stringers
act as crack stoppers if tearing does occur in the skin. Widely spaced

[

stringers allow long tears which result in “plows"” and "scoops,” that can
cause significant damage to the passenger floor and floor support structure as

foreign objects are forced inside the shell.
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A general increase in strength of the lower shell axlal material i« not

the most efficient way to improve the crashworthy characteristics of a
fuselages. In order to significantly improve the energv ahsorbing capacity by
strengthening, a severe weight penalty is generally incurred and the

- - decelarations levelis produced as the structure {s crushed would increase. An

’ increase in longitudinal deceleration levels may produce axial fallures in the
occupied arvas or cause early faillures {r the occupant tie-down chain (seats,
seat attachment, seat belt, etc.)., uradually fncreasing axial strength
towards the wing, particularly of the lower shell is generally required by the
existing fuselage bending requirements. This configuration atfords increased

crashworthiness since it delays fallure near the wing-to-fuselage joint.

Review of the test results, provided in Table 3-20, in the following

manner provides some points of interest:

Energy (fr-1b.)

o The average force acting = Deformation (FO) ib.
. . Avg. Force (1b.)
e The average acceleration = Velght (1B g
e The pulse duration (At) : w:ight.Velocity seC
): «FOTCE
(based on momentum Avg

consideriations)

Summarizing these terms for the three test speciments the tfollowing

information (s obtained:

Constant Force

Avg. Force Avg. Accz). Pulse Duration
Specimen (1b) (g) (sec)
No. | 56571 5.8 <149
No. 2 21333 2.2 «279
NO. 3 9517.2 909 .\)97
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~1f, instead of a4 constant force, a triangular pulse is considered, then the

combination of force and Lncremental time would have to he revised to provide

the same area under the curve.,

' Considering specimen No. | to be more typical of curreat aircraft design,
then the uppaer limit for a pure longitudinal pulse, triangular in nature,
would be more like 12g peak, approximately O0.15 second base duration and a
veloecity changpe of { 30 ft/sec. The axial cylinder No. -1 section test
results, provided in reference 4, . ¢ representative of an airplane with a
gross Welght of 50,000 lbe The analysis described in reference 4 indicated.
that, under the assumptions of (1) uniform compression on the cross-section,
and (2) instantaneous and constant load, a cylinder of the (ross-section noted
would absorb onlv 1-1/2 percent of the kinetic energy per foot of structure
that i{s crushed for a 51,000 1b. afrcraft moving forward at a velocity of 100
mphe. Using average test-allowable energiles, the energy dissipated by
structural crushing {s reduced to only 0.33 perceat of the aircrafc's kKinetic
energy (16,800,000 ft-1b) per foot crushed. Both of these assumptions require
100 percent efficiency in energy absorption which is not the case. Therefore,
the energy‘dissipated by structural crushing is closer to 0.2 percent, Larger
aircraft, while weighing more, also have additional material cross-sectional
area, and thus, the results of the axial cylinder tests are most likely

applicable to them as well.

Peference 4 also describes the results of a drop test of a jet transport
fuselage ncse sectinn, The section was structurally complete, except for the
1ose landing gear, and included the entire forward pressure bulkhead, nose
landing gear hux and plilot's cockpit wind screen (figure 3-69)., Steel floor
heams and floor pancls were added to the section to increase the mass and
provide the required center-of-gravity. The specimen was drop tested i{n an
approximately 0 degree nose-down attitude to simulate the effects of vertical
descent velocity. Impact was made on steel flooring covered with 1/2-inch

plvwood, The total weight of the specimen was 10,700 1b.
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The first drop, from 6 feet, simulated a 20 ft/sec vertical impact
velocity. The forward pressure bulkhead was crushed and the aft bulkhead and
intermediate frames failed. The total vertical collapse was approximately
6 inches as the nose landing gear beams moved up and, for all practical

purposes, remained intact.

The final drop was made from 8 feet, or approximately 23 ft/sec sink

" “gpeed. The forward bulkhead, aft bulkhead and intermediate frames continued

to collapse, allowing the nose gear beams to continue upward until they
contacted the floor structure. The fuselage floor beams were crushed by the
box structure and the maximum deceleration occurred as the box structure
contacted the steel floor structure. The average deceleration prior to this

final impact was approximately 6g with an increase to 18g at final impact.

The tests of this structure indicate that the nose landing gear beam
support structure failure sequence is the primary concern rather than thne
actual energy absorbing capability. The structure withstood an impact
velocity of approximately 20 ft/sec without catastrophic damage to the crew
area. The failures produced by the initial impact, however, included a
complete tension rupture on the aft bulkhead. This rupture allowed sufficient
vertical translation of the comparatively intact nose landing gear beams
during the second test to crush the crew floor support structure. The maximum
loads developed by the structure would produce excessive bending moments along

the fuselage, particularly in the wing attachment area. The fuselage nose

test results are shown in table 3-21.




TABLE 3-21. DROP TEST RESULTS FUSELAGE NOSE (REFERENCE 4)

PEAK
OROP | MEIGHT | WEIGHT | VELOCITY § PEAK LOAD
SPECIMEN TYPE NO. #T) 8) {FTISEC) (G) as) IMPACT DAMAGE
"1 FUSELAGE NOSE 1 [ 10,700 20 3552 | 380,000 | AFT BULKHEAD FAILED IN TENS!ON,
NOSE BULKHEADN CRUSHED.
FUSELAGE NOSE 2 8 16.700 23 26 278,000 | NOSE LANDING GEAR BFAMS RAISED

AND CRUSHED FLOOR.
OROP 1 ENERGY ~ 64,000 FTLB
] ' DEFORMATION - 0.50 FT

2. AVERAGE iS 1g.

NOTES: 1. CRUSHED PORTION {BAY 1 ANG 9 INCHES G- BAY Ih CUTOFF.

A comparison of the energy absorption capability between the KRASH model

crush parameters at the nose gear bulkhead location (mass 1, FS199 and mass 2,

FS300) and the reference 4 crush parameters at similar locations (mass 1,

FS187 and mass 2, FS325) are as follows:

ENERGY ABSORPTION CAPABILITY (IN-LB)

KRASH Models

Reference 4 (Fig. 3-27)

Original for air-to-
gronund analysis

Revised for ramp Curve 2 Curve 3
impact Case No,l

900,000%*

3,100,000

2,300,000 2,100,000

* Restiffens at 10 inches of crush., All
24 inches of crush available before restiffening.

others are based on

From the above tabulated data, it can be seen that the original nose gear

bulkhead crush model did not provide for significant energy absorption. The

revised model parameters are higher than the data used in the reference 2

analysis. However, when scaled by the ratio of airplane weight (1.26), the
reference 4 numbers would be 2,900,000 and 2,600,000, respectively.
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3.3.2 Analyses Data

, The KRASH stick model used in the previous air-to-ground and ramp impact
studies, was adapted for a longitudinal pulse study. The airplane is assumed
to be moving forward in a level attitude when it hits a frontal 90-degree
rigid wall. The cockpit of the fuselage (FS199) is represented by a nonlinear
‘crush spring. The forward fuselage structure (FS199-620) is represented by
nonlinear axial beams. The aircraft representatinon and properties are shown
in figure 3-70 and table 3-22, respectively. The study was performed

- -parametrically for: R : - C-

e Forward impact velocity range (20 to 50 ft/sec)
o Three fuselage crush springs (figure 3-71)

o Three nonlinear beam characteristics (figure 3-72)

The fuselage crush variation represents an approximate spring rate
between 26,700 1lb/in and 40,000 1b/in. The lower rate approximates the data
from tests reported in reference 4. The nonlinear beam variation allows for
uniform deformation of 5, 10 and 20 inches of compression before failure. The
lower spring rate (26,700 1b/in) and 20 inches uniform crueh represent a
design of highly crushable structure. Conversely, the higher spring rates and
less uniform beam deformation is representative of a stiff, less yielding
structure. The fuselage crush condition, K2, and beam nonlinear condition,
N1, are considered the nominal representation for the narrowbody airplane
being studied.
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KRASH Model for Forward Impact Into a 90 Degree Wall
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TABLE 3-22. MODEL PROPERTIES
MASSES BEAMS
AXIAL COMPRESSIVE | DEFLECTION @
LENGTH | STIFF. X 108 | FAILURE LOAD |  FAILURE
N. | s | wi w. | N LB.jIN 8 X 108 N
1 199 | 210, 1| 12 | o, 3.17 1.088 343
2 | 300 | 2179 2 | 23 | 1603 2.25 1224 545
3 | 460 | 2083 3 | 34 | 160. 2.25 1224 544
4 | 520 | 2058 4 | 45 | 200. 2.95 2,008 680
5 | 820 | 200 5 | 56 | 1405 4.2 2,006 A78
6 | 960 | 2119 6 | 87 | 837 8.61 1938 285
7 | 1043 | 2088 7 | 78 | 158.4 3.03 1,632 538
8 | 1201 | 2224 8 | 89 2017 183 1.258 685
9 | 1400 | 2558 9 | 010 175, 143 850 585
10 | 1570 | 297.0
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Figure 3-71. Axial Crush Spring Load-Deflection Characteristics
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Figure 3-72., Beam

Axial Non-Linear Load-Deflection Behavior
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The resulrs of this phase of the parametric sensitivity study are
- summarized in tables 3-23 to 3-25 and figures 3-73 to 3-76. The energy
distribucion, Table 3-23, shows:

o Increase in strain energy percent as the crush spring stiffens, impact

“velocity increases and internal beam stiffness lessens.

e The forward velocity is arrested in approximately 0,190 to 0.250

second, the lower incremental time value is associated with the S -

stiffer structure (f.e., K3, Nl).

The relationship between average acceleration and structural deformation

for the nominal conditions (K2, Nl1), shown 1in table 3-24, indicates:

o Increased failure, average acceleration and total crush distance as

the impact velocity increases.

The varfation {n average acceleration and deformatfion as a function of

velocity, K variation and N variation is shown in tahle 3-25.

® Average acceleration increases as impact velocity, fuselage stiffness,

K, and internal beam stiffnuess, N, decrease,

o Total crush distance {ncreases as impact velocity increases and

internal heam stiffness, N, decreases.

e Total crush distance decrceases as fuselage stiffness, K, increascs,

Figure 3-73 depicts the results noted in tables 3-24 and 3-25.
Figure 3-74 shows the peak acceleratinn distributfon along the fuselape as a
function of impact velocities (30 ft/sec and 40 ft/sec) and the three forward
fuselage spring rates. Figure 3-75 depicts the variation in average
acceleration and total crush as a function of impact velocity for the nominal

condition (K2, Nl). Figure 3-76 attempts to relate the extent of afirframe
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TABLE 3-23. ENERGY DISTRIBUTION AS FUNCTION OF IMPACT VELOCITY AND
: “NONLINEAR DEFORMATION CHARACTERISTICS

' N2 NX
VELOCITY , ; -
S K | x2 X3 | x 1 -x2 3 | 1 -
20 FT'SEC &E - 14.3 X 105 INB)

o CE o B | 83 7 -
SE 94 . B ' - -1 B
KEmiy M -.21
30 FT'SEC (KE = 32.3 X 108 INB)
ce 920 64.9 52.3 92.0 84.8 418 723
St 73 343 45.0 1.3 34.3 56.8 26.2
KEptin Ta29glm-2 |-} m-20] -2 m=-20]m-.22
40 FT:SEC (KE « 57.44 X 106 N.8)

3 67.2 55.2 283 55.2 53.9 225

SE 30.7 418 86.4 412 446 75.1

KEmn T2 (T-23 JTe200| (ma255}(T-2801(T=-.23

50 FTiISEC (KE «~ 89.75 X 106 IN4B)

CE 440

SE 49.9

KEmn (T = 0.24)

CE, SE = CRUSH AND STRAIN ENERGY PERCENT OF TOTAL, AT TIME WHEN KE IS A MIN'MUM.
DAMPING AND POTENTIAL ENERGY ACCOUNT FOR THE BALANCE.

(T = xx) = TIME AT WHICH KE IS A MINIMUM

TABLE 3-24. IMPACT VELOCITY VARIATION )
DEFORMATION, INCHES ¢

' FORWARD | BEAM NO. 1 | BEAM NO. 2 | BEAM NO. 3 | BEAM NOS.
S av G FUSELAGE | rs199. | rs300. § £ 460 4.9 v-
( FUSEC | a6 | rs70-198 300 460 620 FA6201400 | TOTAL ”
" 20 3 28 10.25 34 k) 22 39.1 Ci
| 30 45 39.3° 8.0° 50 48 34 48,6 '
1 40 8. 49.° 105° 108° 58° 40 7.3 '
;; 50 15 54.° 108° nie 1.4° 70 88.0
q * BEAM EXCEEDS COMPRESSIVE FAILURE LOAD
)
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FUSELAGE AXIAL CRUSH SPRING AND BEAM NONLINEARLITY VARLATLONS

DEFORMATION, INCHES
FORWARD BEAM NOS.
CRUSH G FUSELAGE | BEAM NO. 1 | BEAM ND.2 [ BEAM ND.3 | 4.9
- | spmmG | mG- | £s70198 | Fs199.200 | Fa300480 | FSasos20 | FSs2.1400 | TOTAL
30 FTISEC IMPACT VELOCITY; N) ' I )
K1 40 496° 37 50 46 40 513
i R a5 | 3s3 8.0° 50 46 34 488
- K3 4% | 267° 105° 56° 53 1 a0 {382 | -
30 FT/SEC IMPACT VELOCITY; N2
K1 40 49.6° a7 05 45 40 513
K2 45 39.3° 8.0° 05 46 34 486
K3 50 25.4° 143° 48° 45 36 453
40 FTISEC IMPACT VELOCITY: N1
K1 56 §7.5° 105° 265 56° 41 71.6b)
K2 6.0 49.0° 1055° 108° 56° 40 N3
K3 6.0 32.3° 10.65° 10.7° 6.8° A4 60.9
40 FY/SEC IMPACT VELOCITY; N2
K1 45 51.5° 20.5° 5.5° 50 35 78.4
K2 5.0 456° 205° £3° 55° 50 6§78
K3 58 | 309 206 13.1° 56° 35 85.5
* DENOTES COMPRESSIVE FAILURE LOAD EXCEEDED.
(a) FWD, BEAM MASSES (1 AND 2) SHOW SUBSTANTIALLY HIGHER LEVELS
{5} INCREASES AT FINAL TiME

failure as a function of the velocity impact level., At 10 ft/sec, it can be
anticipated that the forward passenger occupiable region will experience
failures. These failures will progress as the impact velocity level

increases.

The results of this phase of the study suggest that:

o At 20 ft/sec, no airframe fallure in the passenger region (F$460-~aft)

is expected.
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Figure 3-73. Deformed Distance and Average Acceleration Results
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e At 30 ft/sec, 3 feet to 4 feet of crusu is anticipated. The average
acceleration is between 4g and 5g (7.5g experienced at condition K3,
N1), beam failure extends to FS460 (mid-forward fuselage).

-

= o oy cD g

® At 40 ft/sec, 5 feet to 6.5 feet of crush is anticipated, the average
‘acceleration is 4,5g to 6g, beam falilure extends to F$620 (wing R
leading edge bulkhead).

.o It is inconsistent to anticipate high g's, extreme crush and extended
time duration to occur simultaneous. The less crush (stiffer
structure, 1.e., K3, N1) will produce high acceleration in a smaller
time span and, consequently, with loads which will produce airframe
failures and at lower velocity changes. Conversely, increased crush
(i.e., K1, N2) will produce lower accelerations over an extended time.
For a given K, N parameter set, failure loads will be assoclated with
a higher velocity.

e The wing responses (masses 11-15 in the KRASH model) for the
longitudinal impact show peak accelerations of between 5.7g and 9.5g.
The triangular pulse characteristic of this impact obtained from an

average of several 30 ft/sec forward velocity impacts 1is:

~eak acceleration, g, = 9g

change in velocity, 4V, = 390 in/sec

base duration, At, 0.225 sec

3. EFFECT OF BULKHEAD CRUSHING VARIATION

In the previous anaiyses, the bottoming of the bulkhead crush springs in
the simulation appears to have the most significant effect on producing
failures. The F$620, 820 and 960 bulkhead springs used are shown in figure
3-77. To investigate how the results would be altered, the vertical—-only
symmetrical impact condition with zero pltch attitude and no aerodynamic
loading was analyzed with revised crush characteristics as dernoted in figure
3-77.
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Variation of Lower Fuselage Spring Data
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The results are tabulated in tables 3-26 to 3-30, The increase in uniform
crush (to 24 inches) reduces the loads (LIC ratios decrease), increases the
overall crush and reduces the vertical acceleration values for the same 22
ft/sec impact velocity. This allows the airplane to impact at a higher
initial sink speed before realizing LICs greater than 1.0_(an indiqation of
‘airframe failure). The increased crush (case 2) at a 22 ft/sec impact
velocity produces lower acceleration, longer duration pulses with less change
overall in velocity, AV, due to less rebounding and rotation. Increasing the
impact velocity to 25 fp/sec with the increased crush (case 3) increases the
acceleration levels but reduces the pulse duration and results in a>higher
veloecity change, AV, in the mid-to-aft fuselage. The acceleration levels in
the forward fuselage do not change significantly, although the pulse durations
and AV's are somewhat higher. Cases 1, 2 and 3 results for the fuselage are
shown in table 3-26. The wing responses for the comparative cases are shown
in table 3-27. The immediate ¢ffect of additional fuselage crush at a
corresponding initial sink speed (22 ft/sec) 18 to reduce the wing shear and
bending moments to less than allowable values (cases 1 and 2). The increase
in sink speed to 25 ft/sec with additional crush (cise 3) raises the wing
shear and moments to levels which are generally lower but comparable to the
initial results (case 1). Compatibility between fuselage and wing strengths
is closer for the case 3 resuits. Of interest, the wing and engine peak

accelerations are lower for case 3 versus case 1,

The results of the analysis in which the uniform crush is allowed to
reach 36 inches is represented by cases 4 and 5. At a 25 ft/sec initial
impact velocity (case 4), the fuselage aft pressure bulkhead barely makes
contact with the ground. At a 27.5 ft/sec initial impact velocity, the aft
bulkhead produces significant loads as it is an extremely stiff structure.
The summary of fuselage and wing responses for the 36-inch cases, as well as
the comparisons with the original baseline case, are shown in tables 3-28 and

3-29, respectively.
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TABLE 3-27. COMPARISON OF WING RESPONSE RESULTS - INCREASE TO 24 INCH CRUSH
SHEAR (S) LOADS X 103 18
B, L. LOCATION ALLOWABLE () @) )
0-118 250 326. 216. 282.

118 - 271 -200 265. 168. 210,

271 - 430 110 91. 79. 83.
430 - 583 49 81. 75. 92.8
"0 583.— 743 210 - 28, 217 320

BENDING (My) MOMENTS X 106 IN-LB

B. L. LOCATION ALLOWABLE m (2) @)
ROOT 75 87.6 472 58.3

8L 118 50 48.3 49, 54.

BL 271 30 31.3 287 33.

BL 430 15 14.9 14.4 177

BL 583 10 5.1 38 5.7

PEAK VERTICAL ACCELERATIONS

B. L. LOCATION () @ @)
118 14.2 8.1 8.5
27 10.8 5.8 13
430 1.8 4.9 72
583 8.5 6.8 9.3
743 18.8 135 204
INBOARD ENGINE 13.3 8.2 8.7
OUTBOARD ENGINE 8.9 8.8 8.0

NOTE: FOR ALL CASES; NO ENGINE GROUND CONTACT, FWD. VELOCITY, OR AERODYNAMIC LIFT; 24" UNIFORM CRUSH
UNLESS SPECIFIED OTHERWISE.

{1} 22 FT/SEC SINK SPEED, UNIFORM CRUSH DISTANCE AT FS 620, 820, 860 = 10", 10", 18"
{2) 22 FT/SEC SINK SPEED, UNIFORM CRUSH DISTANCE AT FS 620, 820, 960 = 24", 24", 24"

(3) 25 FT/SEC SINK SPEED, SAME AS (2) CRUSH DISTANCE.
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TABLE 3-29., COMPARISON OF WING RESPONSE RESULTS - INCREASE TO 36 INCH CRUSH

SHEAR (Sz) LOADS X 103 1B

B. L. LOCATION ALLOWABLE 1)) 2 3
0-118 250 : -~ 326, 229. - 233. c
118 - 271 - 200 - -1 - 268 : 182, - .258.
271 - 430 110 91, 86.5 99.7
430 - 583 40 81. 79.5 89.
R 583 — 743 - 10 1 2. : 244 31.1

BENDING (My) MOMENTS X 106 IN.LB

B. L. LOCATION ALLOWABLE )] 2) 3)

ROQT 75 67.6 49, 51.5
BL 118 50 48.3 54, 58.
BL 271 30 3.3 30. 32.
BL 430 16 149 15.3 16.4
BL 583 10 5.1 5.4 6.0

PEAK VERTICAL ACCELERATIONS

B, L. LOCATION (1) {2) {3)
118 14.2 8.2 123
n 10.8 5.6 9.8
430 11.8 5.7 8.5
583 8.5 6.0 8.9
143 18.6 15.0 19.8
INBOARD ENGINE 133 9.7 115
OUTBOARD ENGINE g9 74 92

NOTE: FOR ALL CASES; NO ENGINE GROUND CONTACT, FWD. VELOCITY, OR AERODYNAMIC LIFT; 24" UNIFORM CRUSH
UNLESS SPECIFIED OTHERWISE.

(1) 22 FT/SEC SINK SPEED, UNIFORM CRUSH DISTANCE AT FS 620, 820, 960, 10”, 10", 18"

{2) 25 FT/SEC SINK SPEED, UNIFORM CRUSH DISTANCE AT ALL LOCATIONS = 36”, EXCEPT AT AFT FUSELAGE
BULKHEAD (FS1400).

{3) 27.5 FT/SEC SINK SPEED, SAME AS (2) CRUSH DISTANCE.
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A An overall comparison of the fuselage pulse data for five cases is
L provided in table 3-30.
indicate that the more available crush, the lower the accelerations (g), the
longer the pulse duration (At), and the relatively same or elightly higher
velocity change (AV) occur at the threshold of airframe structural integrity. L

As with previous KRASH analyses results, the trends

y Ll
-

- = P, - .g

O

The vertical acceleration pulse data presented in tables 3-26 through i

3-30 are shown in figure 3-78, where the triangular pulse peak magnitude, gp, 7&

o " ‘base time duration, At, and change in velocity, AV, parameters are depicted. =~ S
Also shown in figure 3-78 are measured responses from a vertical drop test of ;

an FAA-conducted narrow-body fuselage section (CID type) with an impact ﬁ,

velocity of 35 ft/sec.

test.

The fuselage crushed between 24 and 30 inches in this
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Figure 3-78, Analytically Obtained Vertical Pulses, Air-to—-Ground Impact- $
Crush Variation ;
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SECTION 4

4.0 CRASH DESIGN VELOCITY ENVELOPE

The results offthe parametric analyses and supporting test data have been

presented in Section 3. -The full-scale and section dfop test triangular pulse e -
data are summarized in figures 4-1 and 4-Z for the vertical and longitudinal
directions, respecti.vely. The test data in figure 4-1 show that typically
high acceieratione are assocliated with short durations and that the trend is
for a decrease in amplitude as the duration of the pulse increases. The test
.,ata also show that while the pulses in the passenger cabin region of a
transport airplane can vary substantially, they are generally associated with
a change of velocity at or below 30 ft/sec, without the fuselage strength
(shell bending, shear) being exceeded. Typically the vertical responge can be
characterized as a triangular pulse with a velocity change of 25 ft/sec, base
duration of 0.15 second, and a peak amplitude of 10g. The aircraft impact
velocities associated with full-scale test data show no fuselage breaks
occurred for an impact with a sink speed of 18.5 ft/sec or less, and a break
occurs during an impact with a sink speed of 35 ft/sec. The full~scale crash
test data are void between these two impact magnitudes. The test data in
figure 4-2 show the same peak acceleration versus pulse duration trends for
the longitudinal pulse as depicted for the vertical pulses in figure 4~1. The
number of test data points is much less for the longitudinal direction than is
available for the vertical direction. The characteristics of a.longitudinal
triangular pulse 1s a velocity change of 26 ft/sec, a base of duration of
0,200 second, and a peak amplitude of 8g. The data presented in figures 4-1
and 4-2, as well as subgsequent figures 4-3 through 4-6 is in the form of a
triangular pulse with the following parameters: velocity change, AV, peak

amplitude, g, and pulse rise time, t , The relationship between acceleration,
velocity change and base duration for a triamgular pulse 1s:

AV = 1/2(g) (32.2) At (units in feet/second)

The pulse rise time, t.» which is normally referred to in dynamic test

requirements, 13 approximately equal to 1/2 the pulse base duration, At.

4-1
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The analytically obtained vertical response data are summarized in
figures 4-3 and 4-4. Air-to-ground gears retracted and extended cases are
shown in figure 4-3. The vertical pulses for the alr-to-ground analyses with
fuselage crush variations are shown in figure 4-4. The air-~to-ground analyses
results presented in figure 4-3 suggest the chéracteristic triangular pulse in
" the vertical direction is a change of velocity in the range of 20 ft/sec to
25 ft/sec, a base duration of between 0.1l and 0.16 second and a peak
amplitude range cf 8g to 12g. As is noted, the sink speed condition for the
~airframe which produces this pulse does not exceed 22 ft/sec (O-degree pitch)
with gears retracted and maintains-fuselage structural integrity. Figure 4-4
provides analytical vertical response data obtained from the investigation
into fuselage crush variation (Section 3.4). A triangular pulse of the nature
of a change of velocity of 25 to 30 ft/sec, a base duration of between
0.15 second to 0.20 second and a peak amplitude of 8g to 12g would be a
reasonable extrapolation of this data. For the data presented in figures 4-3
and 4-4, the amplitude versus pulse duration trend observed in the test data
i1s evident. For air-to-ground impacts the longitudinal pulse can be
approximated as having the same triangular pulse characteristics as the
vertical pulse, but with an amplitude of between 0.4 and 0.5 times that of the
peak vertical g, depending on ground coefficient of friction.

The ramp impact analyses results are shown in figures 4-5 and 4-6 for the
longitudinal and vertical pulses, respectively. Both the longitudinal and
vertical pulses obtained from this set of analyses indicate relatively shorter
duration pulses (less than 0.14 second base duration). While these pulses
appear of shorter duration when compared to L1649 test data, the trend of
higher peak accelerations at short pulse durations and lower peak
accelerations at the longer durations prevails. Other than high vertical
responses at the nose section for the 8 and 20 degree ramp impacts the
velocity change throughout the fuselage is less than 30 ft/sec. The L-1649

ramp impact test data (reference 6) showed similar trends.

The data presented in figures 4-1 through 4-6 are summarized in

table 4-1. Included are full~scale and section test results as well as KRASH

analyses of various impact scenarios. While it is difficult to make direct
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TABLE 4-1. SUMMARY OF FLOOR RESPONSE PULSES
(Section) :
Inttial .
Impact Triangular Pulse Range Compare |Ref.
Cond1- at Sink Torgitudinal Vertical wth
. _ fden | Speed, [ampi.] At AV | Ampl] At AV fconditlon ,
M. " bata 7 7 ] TFtfSec | g ‘sec | ft/sec| g | sec |ft/sec]  Mo.-f | - -
o TEST
Full-Scale Airplane
1 ] 11649 16° slope] T 118 813 [.12-.20 | 14-29 |5-10 }15-.20[15-23 | 12 6 e
L-1649 [20° slope] 37.6®,@ 5-10 [.20-.22 |16-27 {5~10 [ 15-.20|15-25 | 14, 15 6 y
]
3 | CID [Alr-to-Ground, -2° pitch] w1s® | — - - |68 113~.20]14-21 8 12 ::l
O
Sections :::
4 | Marrowbody section- 1 2 -~ - — 810 |11-13{17-20 | 8, 9, 10[11.3 O
vertical drop, 18" crush I _
S | Wide-body section- 2 -} = =il | | — |1 3::
vertical drop, 18" crush %,
. *N
6 | Marrow-body sectiondrop, 35 — - ~ |1214 151813338 | 11 15 .
24"=30" crush %
7 | &xial oylinder-longitudinal - 2|la | o|l—-1 - |- 16 4 "i
)
o AIIPLANE ANALYSES ,:'
gk
8 | Lawinburg (+1° pitch) 17 — - -~ 18410 [14-16]17-20 |9, 4 2,6 :'é.
3 .iA
Afr-to-Growd (gears retracted, 22@ - - ~ 103131422226 | 4 %
0" pitch, 18" crush) t
10 | Atr-to-Ground (gears extended, | 20& ~ = | ~ |&11 fu-asf2030 | 4 * 3
0° pitch, 18" crush) o
11 Alr-to-groud (gears vetracted, 25—27.5® - -— ~ |8-12 }.15~.20 25-30 6 * '\'3"-
o” pitch, 24"=3" crush) o3
\
12 | Ground-to-groud (° slope) 18.5 8 |11-14 | 14417 |69 |.oB~.11 | 1415 | 1 % 3
13 | Ground-toground (20° slope) 25.0@ 58 {.16~.21 |17-26 {6~8 | 11~.16]14-20 | — * X]
t
14 Ground-to—ground (20o slope) 37.6 & 8 A1-.14 11417 | 14 .10 22 2 * ':!
- By
15 | Groud-to~ground (8° slope) 32.7@)@ B-14 (.05-.06 | 10~14 | 20 .09 N 2 % ]
16 | %° wall-longitudinal - 810 [20-24f 30 | — | — | -- 7 * '
Fuselage impact # Section V of this report ey,
2) Fuselage break or strength exceedance
Nose section triamgular pulse responses; vertfcal AV = 39.5 ft/sec, At = .10 sec, amplitude = 24g n
. longitulinal AV = 35.1 ft/sec, At = .12 sec, amplitude = {Rg |
@ Nose section responses; vertical AV = 44-45 ft/sec, At = .07-.08 sec, anplitude = g .,
! ]
1 _.
o
P
¢
4= (9
9 X
l“
]
o

T e e e e e e e e e e e .

R S . . f
A S SN T R PN ey ol
AR N Al AP SPC




comparisons for each test condition, an attempt is made to relate analyses

which are reasonably close to test conditions. For example, conditions 1 and

' 412 are compérable because both involve a full airplane impact onto a 6-degree
slope with the same ENV. Condition 2 compares with conditions 14 and 15
because the ENVs are reasonably close, even though the ramp angles differ.

-—The fuselage -impact  with the ground during the CID test-(condition 3) is  — - -~ - - --

. compared with the Laurinburg analysis (condition 8) only because both are 7
relatively flat, symmetrical impacts in the sink speed range of 15.5 +1.5

_ft/sec. Narrow-body section drop test data (condition 4) are compared to
conditions 8, 9,'and 10 because the sink speed, attitude and crush distance
experienced are reasonably close. The high sink speed test condition (No. 6)
is compared to the parameter analysis in which extensive crush is allowed

(condition 11). The longitudinal cylinder test and wall impact analyses

conditions (Nos. 7 and 16) are also compared.

The composite of the analyses and test data is presentéd in figure 4-7 as
vertiral velocity change versus longltudinal velocity change. The data are
representative of a triangular pulse with a base duration of between 0.15 and
0.20 second. The amplitude associated with the pulse can be obtained from the
following relationship:

- AV At = sec.
g 16.1At AV = ft/sec.

Also shown in figure 4-7 is the envelope of the data in an attempt to
indicate the estimated reglon of structural integrity. On the basis of the
analyses and test results, two potential velocity change envelopes evolve:
airframe integrity and seat dynamic pulse definition. These envelopes are
shown in figure 4-8. The seat dynamic pulse is higher than the structural

integrity envelope and accounts for rotational and rebound effects.

The velocity envelopes shown in figures 4-7 and 4-8 suggest the following

test conditions for seat dynamic triangular pulses.
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1. Combined Vertical-Longitudinal with the following resultant

parameters:

AV = 33,5 ft/sec:
At = 0.150 second
Gpeak = 13.8

With a seat orientated 30 degrees from the vertical, the
respective vertical and longitudinal components will be:

Vertical

Gp F 12g

AV & 29 ft/sec
Longitudinal

Gp F 6.9

AV ¥ 16.8 ft/sec

2. Longitudinal-only

av ® 35 ft/sec
At = 0.200 second
Gpeak = 11.0g

The first condition represents a high sink speed impact in which the
longigddgnal fucces are related to the vertical forces approximately by a high
(42> .57 coefficient of friction. The second condition is an extreme case in
which the only significant pulse would be longitudinal. Both conditions would
appear to provide margins (1) above a realistic crash environment, and (2)

above the structural integrity of the airframe.
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SECTION 5

SUMMARY OF RESULTS

The effort described herein included parametric sensitivity analyses
"which incorporated: - T o -

post—CID test correlation results

previous available full-scale crash test data (L1649, DC-7)
previous available section test data and analytical modeling data
(reference 4)

For the air-to-ground analyses the following assumptions were adhered to:

o Impact directly on fuselage, no engine crush involved
¢ Symmetrical impact, no roll or yaw

o No initial external loading, i.e., aerodynamic forces
e No rupture of beams

e Load interaction curve (LIC) > 1.0 indicates limit of airframe
integrity

® Maximum crush before restiffening occurs is:

10-inch wing center section, FS620-820
18~inch wing MLG aft bulkhead, FS960
24=inch fuselage frame sections, FS300, 460, 1040, 1240

Analysis results were initially obtained prior to the incorporation into
the model of a revised nose-gear bulkhead crush representation which was
obtained from reference 4 data and is described in Sections 3.2.1 and 3.3.1.

Subsequent to the initial runs analyses were performed to incorporate:

® revised nose-gzear bulkhead crush characteristics

e wing and engine response to allow monitoring of wing shear and bending
moment versus estimated strength allowables

pre-CID test fuselage section test data - -- --- - - . - - - . ..




~ 7~ “pulkhead representation (Cases 7, 10, 11 in Table 3-2) are compared to the = = - .

A summary of conditions analyzed for this type of impact condition is

.~ presented in table 3-2. The results of these analyses are presented in
Sec;ion 3.1.1,

- The parametric study fuselage crush results for the revised nose gear

"7 “test data results in Figure 5-l. From Figure 5-1 it can be observed that ~— =~~~ {H

parametric analyses results indicate that the underside crush throughout the
"Laurinburg” or "CID" full-scale tests. The analyses are performed at the -

threshold of airframe structural integrity which is more severe than either of : *
the test conditions.

For the air-to-ground, gear extended analyses the following three
conditions were determined to be approximately the level at which fuselage
structural integrity would be exceeded:

Sink_Speed (ft/sec) Pitch Attitude (deg.)
1. 18 -6
2. 20 0
3. 18 +6

For all cases of this type of impact the following assumptions applied:

e No lift forces

e Forward velocity = 262 ft/sec
e Ground coefficient (u) = 0,35
e Main gear failure loads;

Fz, Vertical Force = 428,000 1b.,

Fx, Longitudinal Force 165,000 1b,

o Nose gear failure loads;

Fz = 130,000 1b., Fx

78,000 1b.
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The no lift analysis allows for evaluating critical fuselage impact loads

" in a shorter analysis than otherwise would be accomplished with 1ift forces

-
e
Jiudal

acting. The results of these analyses are presented in section 3.1.2.

o
Ry

.’v
-«

.- _ _ __ __: KRASH analyses results were also compared to previous air-to-grownd

{
I
{
1
i
|
1 |

impact analyses of a medium sized transport category airplane reported in

reference 4. The two configurations (reference 4 and CID modelg) are éOmpared

in figure 3-31. Differences that exist between the LIC, crush and .
-~~~ accelerations values of the two models are described and explained. For -~ B

example, the reference 4 peak accelerations are higher because the analysis

.

cqntains very high frequency (short duration) responses which are normally
filtered in current test practices when compared to analytical models. The
reference 4 results also show higher fuselage crush which are easily explained
by the load-—deflection curves used in that model. Overall the model results
are similar when one compares the airplane initial impact velocity versus
pitch attitude curves as presented in figure 3-34. The results of those

analyses arc presented in section 3.1.3.

For the air-to-ground impact conditions the magnitude of longitudinal
pulses are relatively low in relation to the magnitude of the vertical pulses.
To obtain combined longitudinal-vertical pulses such as those described in
reference 6, ground-to-ground (ramp) impacts were performed. Included in

these analyses were the following:

l. 6-degree ramp, ENV = 18.5 ft/sec, forward velocity = 177 ft/sec
2, 20-degree ramp, ENV = 37,6 ft/sec, forward velocity = 110 ft/sec
3, 8-degree ramp, ENV = 32.7 ft/sec, forward velocity = 235 ft/sec

These cases are representative of the reference 6 and 7 test conditions.
The assessment of the fuselage failure modes experienced during the tests
versus that obtained by analysis via LIC curves showed good agreement. The

results of these analyses are described in section 3.2,1.
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The measured acceleration obtained pulses from the L1649 (reference 6)
and DC-7 (reference 7) full-scale ramp impact tests were integrated to obtain
' ‘ The 7
acceleration pulses and subsequent velocity calculations obtained from the

velocity changes as noted in figures 3-63 to 3-65 and table 3-19,

L1649 test are of particular interest for the following reasons:

@ -The gross takeoff weight (GTOW) for the L—~1649.1is approximately
159,000 pounds which represents a mid~sized transport category
alrcraft.

e The aircraft fuselage experienced two significant structural breaks
during a ground slope impact.

¢ The floor acceleration data illustrates a response trend which is
congidered to be characteristic of the larger FAR 25 transport
airplanes.

Briefly, this test incorporated two sequential impacts of the aircraft
onto an earthen mound. Prior to the initial impact onto a 6-degree slope with
the airplane moving with a forward velocity of 172 ft/sec (ENV = 18.5 ft/sec),
the nose and main gears were failed, and the wing fuel tanks were ruptured as
part of the crash scenario. Subsequent to the 6-~degree slope impact, in which
no alrframe failures were experienced, the aircraft impacted a 20-degree slope
vwhile moving with a forward velocity of 110 ft/sec (ENV = 37.6 ft/sec) and two
fuselage breaks occurred, as can be observed in figure 3-37. The longitudinal
accelerations at two floor locations are shown in figure 3-36., From figure
3-36 it can be noted that the peak g acceleration at the aircraft cockpit
location (FS195) is approximately 20g for both the 6~ and 20-degree slope
impacts, despite the fact that the effective longitudinal velocity change
resulting from the latter impact is approximately 30 percent higher than the
effective longitudinal velocity change, AV, associated with the impact onto
the shallower slope. At the mid-fuselagé station (FS685), the response shapes
are similar and the magnitudes are nearly equal (despite the longer duration
and, consequently, a higher effective longitudinal AV). The vertical
responses obtained during this test were not as clearly defined from the data.
The distribution of the lougitudinal floor pulses for the two slope Lmpacts

show that the cockpit floor response {s gubstantizlly higher than the

AR D, N
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responses throughout the passenger floor region. While the oscillatory nature
of the response from FS685 to FS1165 suggests short duration peaks of 15g to
'203 exist, the longer duration pulse that normally applied to seat testing, is

more nearly < 10g peak. These data are provided in section 3.2.2.

Specimen test data obtained from reference 4 was utilized to refine the
' KRASH model. In particular fuselage nose gear bulkhead load-deflection
behavior obtained from the reference 4 report showed that the earlier KRASH
models underestimated the energy absorption capability in that region as noted

_:bEIO?: . R . T ) ’ . T B oo 7 T "!
ENERGY ABSORPTION CAPABILITY (IN-LB)
KRASH Models Reference 4 (Fig. 3-27)
Original for air-to- Revised for ramp Curve 2 Curve 3
ground analysis impact Case No. 1
900,000% 3,100,000 2,300,000 2,100,000
2,900,000%* 2,600,000%%

* Restiffens at 10 inches of crush. All others are based on 24 inches
of crush available before restiffening.
*% When scaled by the ratio of the airplane weights (1.26)

In addition, cylinder axial crush test data was reviewed to obtain the
following parameters.

Energy (ft-~1b)
Deformation (ft)

o The average force acting 1b.

Avg. Force (1b.) _
Weight (1b.) g

o The average acceleration

e The pulse duration (At) WE£3;2;221°°153 sec
(based on momentum g Avg

considerations®)

. ._*'_ ;
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Summarizing these terms for the three test specimens the following information
is obtained:

Constant Force
Avg. Force Avg. Accel. Pulse Duration
Specimen (1b) (g) (sec)
i No. 1* 56571 5.8 .49
No. 2 21333 2.2 279
- No. 3 95172 9.9 .097

* More Typical of Airplane Construction

Using the reference 4 data and the model shown in figure 3-70 analyses
were performed to obtain longitudinal pulses for a straight—-on collision into
a rigid vertical obstruction. The fuselage cockpit was represented by crush
springs and the fuselage aft of the cockpit by nonlinear beams. The study was

performed parametrically for variations in

e forward impact velocity
e crush spring characteristics
e nonlinear beam characteristics

The results of this sensitivity study suggest that:

e at 20 ft/sec impact velocity, no airframe failure in the passenger
region (FS5460 and aft) would be anticipated

e at 30 ft/sec impact velocity 3 to 4 ft. of crush could occur and the
average acceleration would be bhetween 4g to S5g

e at 40 ft/sec, 5 to 6.5 ft. of crush could occur with an average
acceleration of 4,5 g to 6g.

o a At of =.200 seconds 18 required for the KE to be absorbed in the 20
to 50 ft/sec impact range.
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‘higher initial sink speed before realizing a fuselage break (LIC > 1.0).

PNy
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The results of thege analyses are described in section 3.3.2.

¢ -
- -

Since the analysis results are tied to the model assumptions an
additional parameter sensitivity analysis was performed to ascertain the
affect of extended crush distance in critical bulkhead regions. The results

show that the additional crush distance allows the airplane to impact at a

However, the increased crush tends to produce lower accelerations and longer

duration pulses. At some point the physical constraints of the location of .

the bulkheads limit the amount of crush before a "hard point” is encountered. ¢
The analyses showed that for the CID configuration, the aft bulkhead (FS1400)
impacts the ground for a sink speed of 25 ft/sec and exceeds its failure load
at a sink speed of 27.5 ft/sec, even with allowing 36 inches of crush
throughout the rest of the structure. Table 3-30 illustrates the trend of

pulse velocity, gp,.At versus allowable crush. These analyses results are
provided in section 3.4.

The available experimental data and analytical data developed during the
effort described in this report have been combined to develop a crash design
velocity envelope based on current transport fuselage strength. The
analytical data are presented in the form of triangular pulse parameters:
velocity change, AV, peak amplitude, g, and pulse rise time tr (pulse base
duration, At =2 tr)' Samples of these data are provided in Zigures 4-1
through 4-6, and a summary of these results is shown in table 4-1. It is
difficult to make direct comparisons because for each condition there are many
factors to consider such as: number, location and type of responses
(strength, crush, acceleration), time histories, sequence of events, initial
impact conditions. For some test and analyses conditions, extens!ve
documentation of results has been previously presented; e.g., Reference 2
describes all the pre-CID analysis and testing, including the Laurinburg and
section drop test data, while reference 3 describes in detail the CID
correlation, a brief portion of which is presented in section 2 of this

report. Therefore, table 4~1 does not make a direct comparison between

section drop test nor full-scale crash test and analyses, but instead, only




shows how the analyses performed during the current study relate to the
avallable test data. The purpose of making such a comparison is to allow the
total available data (analyses and tests) to be used to develop crash design
velocity envelopes, which are shown in figures 4-7 and 4-8.

The parametric sensitivity analyses combines data which evolved over a
__series of FAA sponsored RSD programs. Table 5-1 summarizes the achievements
as well as notes the limitations that can be assoclated with both the test and
_analysis efforts.' Despite the progress noted, there is still a need to o
; acquire additional dynamic response data for transport airplanes. Such added
" “data will enhance confidence in the use of analytical representatioms to- ~- =~ - - = -
determine aircraft structural responses for impact conditions which may
produce significant longitudinal pulses as well as to investigate aifferent
dasign configurations. The analytical procedures could then be expended to
establigh rational crash design and seat dynamic testing requirements for the
wide range of FAR25 airplane configurationms.

The full-gcale crash tests, the airplane section tests, and the
subsequent modeling do not provide answers to the following pertinent

questions:

¢ What is airframe failure? This 1s a critical question since it
affects the definition of a survivable envelope. The analysis
presented in this study use current airframe strength exceedance as
the limit of a survivable crash enviromment.

) Can analysis confidently predict the limits of airframe structural
integrity for an envelope of impact conditions and the range of
design configurations covered in FAR25? The available test data does
not address many impact conditions. The analysis treats only one
narrow-body transport airplane configuration.

o What magnitude and duration of floor impact pulse are associated with
the critical seat/occupant longitudinal load? The ramp impact

' produces a severe longitudinal pulse, but only in the nose section of

: the airplane.
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SECTION 6

CONCLUSLONS

Parameter sensitivity study results appear reasonable when ébmpared to -

available analysis results and test data.
Airframe and seat dynamic test crash design velocity change envelopes

have been developed which are based on data from full-scale crash test,

section ippact tests, and KRASH parameter variation analyses.
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